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PREFACE 


The  Proceedings  of  the  Repair,  Evaluation,  Maintenance,  and  Rehabilita¬ 
tion  (REMR)  Research  Program  Workshop,  "New  Remedial  Seepage  Control  Methods 
for  Embankment-Dams  and  Soil  Foundations,"  were  prepared  for  the  Headquarters, 
US  Army  Corps  of  Engineers  (HQUSACE) ,  by  the  US  Army  Engineer  Waterways  Exper¬ 
iment  Station  (WES) . 

The  workshop  was  conducted  under  REMR  Work  Unit  32310,  "Remedial  Cutoff 
and  Control  Methods  for  Adverse  Conditions  in  Embankment-Dams  and  Soil  Founda¬ 
tions."  The  REMR  Overview  Committee  consists  of  Mr.  James  E.  Crews  and 
Dr.  Tony  C.  Liu,  HQUSACE.  Mr.  Arthur  H.  Walz,  HQUSACE,  was  Technical  Monitor 
for  this  work.  The  REMR  Program  Manager  was  Mr.  William  F.  McCleese,  Concrete 
Technology  Division,  Structures  Laboratory,  WES. 

This  workshop  was  organized  by  Dr.  Edward  B.  Perry,  Soil  Mechanics  Divi¬ 
sion  (SMD) ,  Geotechnical  Laboratory  (GL) ,  WES,  under  the  supervision  of 
Mr.  Clifford  L.  McAnear,  Chief,  SMD,  GL,  and  the  general  supervision  of 
Dr.  William  F.  Marcuson  III,  Chief,  GL. 

COL  Dwayne  G.  Lee,  CE,  was  the  Commander  and  Director  of  WES  at  the  time 
of  the  workshop.  Dr.  Robert  W.  Whalin  was  Technical  Director. 
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CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


I 


Non-SI  units  of  measurements  used  in  this  report  can  be  converted  to  SI  (met¬ 
ric)  units  as  follows: 


_ Multiply 

acres 
acre-feet 
cubic  yards 
Fahrenheit  degrees 


feet  per  second 
gallon  (US  liquid) 
gallons  per  minute 

horsepower  (550  ft-lb 
per  sec) 

Inches 

Inches  per  second 

miles  (US  statute) 

pounds  (force)  per  inch 
pounds  (force)  per 
square  foot 

pounds  (force)  per 
square  inch 

pounds  (mass) 

square  feet 

square  yards 

tons  (2,000  ]b,  mass) 


4,046.873 

1,233.481 


0.7645549 


0.3048 

0.3048 

3.785412 

3.785412 


745.699 


1.609347 

175. 1268 
47.88026 


6894.757 


0.4535924 

0.9290304 

0.8361274 

0,9144 


_ To  Obtain 

square  metres 

cubic  metres 

cubic  metres 

Celsius  degrees  or 
Kelvins* 


metres 


metres  per  second 

cubic  decimetres 

cubic  decimetres  per 
minute 


watts 


millimetres 

millimetres  per  second 

kilometres 

newtons  per  metre 
pascals 


pascals 


kilograms 
square  metres 
square  metres 
kilograms 


*  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  readings,  use 
the  following  formula:  C  =  (5/9)(F  -  32).  To  obtain  Kelvin  (K)  readings, 

use:  K  =  (5/9)(F  -  32)  +  273.15. 


PROrFEDINGS  OF  REMR  WORKSHOP  ON'  NEW  RFMEDTAL  SEEPAGE 
CONTROL  METHODS  FOR  EMBANKMENT -DAMS  AN'P 
SOIL  FOUNDATIONS 


INTRODUCTION 


J 


The  Repair,  Evaluation,  Maintenance,  and  Rehabilitation  iREMk)  '.•■’orkshop 
on  "Ne\  Remedial  Seepage  Control  Methods  for  Embankment-Dams  and  Soil  Founda¬ 
tions"  was  held  at  the  US  Armv  Engineer  Waterways  Expe r i mey' t  Station  (WES)  on 
21-22  October  1986.  The  workshop  was  sponsored  bv  REMR  Work  Unit  32310 
entitled  "New  Remedial  Seepage  Control  Methods  frr  l^mbankment-Dams  and  Soil 
Foundations . " 

The  purpose  of  the  workshop  was  to  stimulate  excdnrpe  of  ideas  and 
information  amone  leading  practitioners,  and  to  pri'vide  an  author i tative 
review  of  the  state-of-the-art  for  pot.uuial  c.sers,  in'ir.arlly  those  within  the 
federal  government. 

The  workshop  was  attended  hv  58  people  from,  the  Corps  of  Engineers, 
Bureau  of  Reclamation,  Tennessee  I'allev  .Au  rhor  i  t  v ,  S('il  Conservation  Service, 
and  private  organizations.  A  list  of  attendees  is  given  on  the  following 
page.  Presentations  were  made  on  grourlng,  flexible  membrane  linings,  drain¬ 
age  me.asures,  let  grouted  cuti'f  f  vails,  reinforcerl  d-'u-nstrenm  berm.s,  plastic 
concrete  cutoff  walls,  and  groi;nd  free/iiie.  A  copy  of  each  written  lecture  is 
Included  in  these  Proceedings.  A  video  tape  of  the  workshop,  including  the 
panel  discussion.  Is  available  from  the  WES  1  ihr-iry. 


ATTENDEES 


REMR  Workshop  on  New  Remedial  Seepage  Control  Methods  for 
Embankment-Dams  and  Soil  Foundations 
Vicksburg,  Mississippi  21-22  October  1986 


Name 

Organization 

FTS  Phone 

No. 

Commercial 
Phone  No. 

Herbert  C.  Albert,  Jr. 

New  Orleans  District 

None 

(504) 

862-1003 

Leroy  Arnold 

Little  Rock  District 

740-5055 

(501) 

378-5055 

Dwayne  Bankofier 

NPD 

423-3868 

(503) 

221-3868 

Timothy  L.  Beauchemin 

NED 

None 

(617) 

647-8365 

Dewayne  Campbell 

BuRec,  Denver,  CO 

776-6067 

(303) 

236-6067 

Lawrence  H.  Cave,  Jr. 

LMVD 

542-5897 

(601) 

634-5897 

Robert  Chamlee 

SAD 

242-6704 

(404) 

331-6704 

Randy  R.  Childress 

SCS  -  Jackson,  MS 

490-5035 

(601) 

965-5035 

Edward  E.  Chisolm 

Vicksburg  District 

542-5638 

(601) 

634-5638 

Jerry  Christensen 

Portland  District 

423-6456 

(503) 

221-6456 

Frank  T.  Cousin,  Jr. 

SCS  -  Ft.  Worth,  TX 

334-5445 

(817) 

334-5445 

Erwin  Curry 

SCS  -  Jackson,  MS 

None 

(601) 

965-4419 

Sam  K.  Darnell 

SCS  -  Jackson,  MS 

940-4423 

(601) 

965-4423 

Charles  .M.  Deaver 

Little  Rock  District 

740-5604 

(501) 

378-5604 

Harold  G.  DeShazo 

SCS  -  Jackson,  MS 

490-4431 

(601) 

965-4431 

Clarence  Duster 

BuRec,  Denver,  CO 

776-3892 

(303) 

236-3892 

Marshall  Fausold 

Pittsburgh  District 

722-4123 

(412) 

644-4123 

Rick  Ferguson 

Kansas  City  District 

758-5560 

(816) 

374-5560 

Ken  Graybeal 

Seattle  District 

466-3712 

(206) 

764-^712 

Billy  P.  Hartsell 

SCS  -  Jackson,  MS 

490-5191 

(601) 

965-5191 

Lynn  Helms 

Vicksburg  District 

542-7207 

(601) 

634-7207 

James  B,  Hyland 

SCS  -  Ft.  Worth,  TX 

334-5242 

(817) 

334-5242 

R  e  r:  K  e  1  I  y 

OCE 

272-0207 

(202) 

272-0207 

M.  Kenneth  Klaus 

Vicksburg  District 

542-7122 

(601  ) 

634-7122 

Ben  .1.  I.et.ik 

i>maha  District 

864-444  7 

(402) 

221-4447 

Morris  N.  Isjbrecht 

S(’S  -  Ft.  Worth,  TX 

334-5242 

(817) 

334-5242 

(Continued) 


(Concluded) 


Name 

Organization 

FTS  Phone 

No . 

Phone  No, 

Kevin  W,  Mahon 

NAD 

264-755b 

(212) 

264-7556 

Leo  Mantel 

BuRec,  Denver,  CO 

776-3916 

(303) 

236-3916 

Danny  K,  McCook 

SCS  -  Ft.  Worth,  TX 

334-5444 

(817) 

334-5444 

Charles  H.  McElroy 

SCS  -  Ft.  Worth,  TX 

334-5444 

(817) 

334-5444 

George  J.  Mech 

Rock  Island  District 

386-6288 

(309) 

788-6361 

Chuck  Mendrop 

Vicksburg  District 

542-5208 

(601) 

634-5208 

Pete  Montalbano 

Vicksburg  District 

542-5627 

(601) 

634-5627 

Ronald  A.  Nulton 

SCS  -  Ft.  Worth,  TX 

334-5242 

(817) 

334-5242 

Richard  L.  Peace 

SCS  -  Jackson,  MS 

490-5194 

(bOl) 

965-5194 

Paul  Pettit 

Haiiburton,  Houston,  TX 

None 

(713) 

652-6073 

George  R.  Powledge 

BuRec,  Denver,  CO 

776-9325 

(303) 

236-9326 

George  L.  Sills 

Vicksburg  District 

542-5631 

(601) 

634-5631 

Hari  N.  Singh 

NCD 

353-5733 

(312) 

353-5733 

Michael  Snyder 

Baltimore  District 

922-4772 

(301) 

962-4772 

Andrew  T.  Soule' 

Seattle  District 

466-3790 

(206) 

764-3790 

Samuel  T.  Stacy 

Vicksburg  District 

542-5635 

(601) 

634-5635 

David  Duane  Stagg 

Vicksburg  District 

542-5b44 

(601) 

634-5644 

Eric  Stasch 

Omaha  District 

864-4446 

(402) 

221-4446 

Mel  Stegall 

LMVD 

542-5900 

(601) 

634-5900 

James  W.  Stlngel 

SCS  -  Chester,  PA 

None 

(215) 

499-3940 

Hugh  Taylor 

WESGE 

542-3454 

(601) 

634-3454 

Eddie  Templeton 

VicKsburg  District 

634-5727 

(601) 

634-5727 

Robert  J.  Thomas 

Haiiburton,  Duncan,  OK 

None 

(405) 

251-3557 

Carl  E.  Ttiompson 

TVA-Knoxville ,  TN 

None 

(615) 

632-6897 

F.  Walberg 

Kansas  City  District 

758-3454 

(816) 

374-3454 

Bill  Walker 

Alaska  District 

None 

(907) 

753-2683 

Frank  Weaver 

LMVD 

542-5896 

(601) 

634-5896 

S.  Rodney  White,  Jr. 

SCS  -  Ft.  Worth,  TX 

334-5242 

(817) 

334-5242 

Carroll  D.  Winter 

Little  Rock  District 

740-5603 

(501) 

378-5603 

Bebe  S.  Yarbrough 

SCS  -  Jackson,  MS 

490-5202 

(601) 

965-5202 

i .  A.  Young 

LMVD 

542-5509 

(601  ( 

634-5509 

S  i  b  t  e  A  .  Z  a  i  d  1 

Rock  Island  District 

3  8  6  -  6  2  ’>  8 

(  309) 

788-6  36  1 
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REMK  Workshop  on  New  Remedial  Seepa 

ge  Control  Methods 

for  Embankment-Dams  and  Soil 

Foundations 

Auditorium,  Building 

1006 

Waterways  Experiment  Station,  Vicksburg,  Mississippi 

Tuesday 
Oct.  21, 
1986 

Presentat ions 

Speakers 

8:20  am 

Introduction  of  ETC  Jack  R.  Stephens, 
Deputy  Commander  and  Director  of  WES 

Edward  B.  Perry,  WES 

8:30 

Welcome 

LTC  Jack  R.  Stephens,  WES 

8:40 

RF.MR  Research  Program 

William  r.  McCleese,  WES 

8:50 

Geotechnical  REMR  Research  Program 

Gerald  B.  Mitchell  ,  WES 

9:00 

Introduction  of  Workshop 

Edward  B,  Perry,  W!;S 

9:05 

Introduction  of  Speakers 

Joseph  L.  Kauschinger 

Tuffs  University 

9:  10 

Grouting  for  Ground-Water  Control 

Reuben  H.  Karol, 

Rutgers  University 

10:10 

Break 

10:30 

Flexible  Membrane  Linings 

William  R.  Morrison, 

Bureau  of  Reclamation 

11:30 

Remedial  Drainage  Measures 

Walter  C.  Sherman, 

Tulane  University 

12:30  pm 

Lunch 

1:30 

L'se  of  Hydrofraise  to  Construct 
Concrete  Cutoff  Walls 

Jonathan  J.  Parkinson, 
Soletanche 

2  : 30 

Jet  Grouted  Cutoff  Wall 

Giorgio  Guattoii,  Novatecua 
Victorio  D.  Altan, 
Suelotecnlca 

i:  lU 

Break 

4:00 

Reinforcement  Downstream  Berms 

James  M.  Duncan,  Vii-gini;i 
Polytechnic  InstiLute 

5  : 00 
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Presentations 


Speakers 


Wednesday 
Oct.  22,  1986 


8:30  am 
8:35 


9:3S 

10:00 


1  :no 


.2:30 


Announcements 

Plastic  Concrete  Cutoff  Walls 


Break 


Cround  freezing  as  a  Construction 
Expediencv  for  Fxcavating  Cutoff 
Trenches  and/or  Installation  of 
Dra  ins 


Panel  Discussion  * 


Adi  ournment 


George  J.  Tamaro, 
Mueser  Rutledge 
Consulting  Engineers 


John  A.  Shuster,  Geocentric 


Joseph  L.  Kauschinger 
Tufts  I'niversitv 


Pane]  consists  of  all  speakers. 
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CP.ni'TTNG  FOF  r.R(M'Ni',-\v'ATF,R  CONTROI 


Reuben  H.  Karol 
Consulting  Knglneer 
Professor  Emeritus,  Rutgers  Universltv 

Introduction 


1.  Grouting  with  cement  for  control  of  cround  writer  become  an  nreepted 
■'Obstruction  procedure  in  the  late  nineteenth  centurv  in  Europe  and.  at  the 
turn  or  the  twentieth  centurv,  in  the  United  States. 

’.  Cfemical  grouting  became  an  accepted  construction  procedure  between 
at.;:  1410^  with  the  successful  completior  of  field  iohs  using  sodium  sili¬ 

cate.  The  modern  era  of  chemical  grouting,  which  saw  the  Introduction  of  manv 
new  and  exotic  products  for  field  use,  began  onlv  30  to  4iJ  years  ago. 

3.  Procedures  and  techu.iques  used  with  cement  grouts  were  de\^eloped 
prirLj'rily  by  the  large  federal  agencies  concerned  with  dam  construction;  Corps 
of  Engineers,  Bu’-eau  of  Reclamation,  and  Soil  Conservation  Service,  Predict¬ 
ably,  each  of  these  organizations  developed  its  methods  uni  1 ateral 1  ,  result¬ 
ing  in  maior  areas  of  difference  in  philosophy  and  execution. 

4.  it  remains  difficult,  if  not  impossible,  to  assess  the  effects  of 
rh.ese  differences  on  the  success  of  field  work.  This  is  partlv  because  each 
field  pro; act  is  unique,  and  two  similar  lobs  done  by  different  approaches  do 
not  exist.  Primarily,  however,  almost  all  of  the  cement  grouting  is  done  to 
ircrease  the  safety  factor  against  some  kind  of  failure.  There  are  general 1\' 
no  precise  methods  of  measuring  the  safety  factors  he'‘ore  and  a.'tur  n’'C'Utiug, 
when  failur°  does  not  occur.  Ev  wav  of  contrast,  remedi.al  grove  ing  (often 
d<'ne  for  seepage  conticl)  is  aimed  at  a  specific  problem,  where  failure  or 
incipient  failure  or)  a  limited  .sfale  is  re.  Oi’ui  r.ih  I  e .  Groutlni:  eirlur  .  ar- 
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cliemicai  grouting  experiences.  However,  these  philosophical  difficulties  have 
by  now  been  largely  overcome.  Chemical  grouting  is  accepted  as  a  valid  and 
valuable  construction  procedure,  and  the  concepts  of  short  gel  times,  accurate 
control  of  gel  times,  and  sophisticated  multipump  systems  and  grout  pipes  have 
been  integrated  into  practice. 

6.  There  are  two  major  purposes  for  grouting,  and  any  field  problem  can 
be  classified  in  terms  of  the  desired  results  of  the  grouting  process:  (a)  to 
reduce  seepage  or  to  create  a  barrier  against  water  flow,  and  (b)  to  add  shear 
strength  to  a  formation  or  structure  in  order  to  increase  bearing  capacity, 
increase  stability,  reduce  settlements  and  ground  movement,  and/or  immobilize 
the  particles  of  a  granular  mass. 

7.  The  term  seepage  is  diiiicult  to  define  quantitatively.  The  Ameri¬ 
can  Society  of  Civil  Engineers  (ASCE)  Glossary  of  Terms  states  that  it  is  "the 
flow  of  small  quantities  of  water  through  soil,  rock  or  concrete."  This 
definition  depends  cn  the  interpretation  of  the  word  "small."  Five  gallons 
per  minute  (gpm)*  of  water  entering  tlie  bottom  of  a  deep  shaft  is  a  small 
amount.  iho  same  quantity  entering  a  domestic  basement  is  a  large  amount. 
Seepage,  ther.,  is  better  defined  in  terms  of  the  procedures  used  to  eliminate 
it,  rather  than  by  job  or  quantity  ol  water  involved.  Seepage  control  gener¬ 
ally  does  not  require  complete  grouting  of  a  formation. 

8.  Creating  a  barrier  against  water  flow  may  be  done  by  grouting  spe¬ 
cific  indi\'idual  flow  channels,  by  constructing  a  grouted  cutoff,  or  by  a 
grout  curtain  through  seme  or  all  of  a  pervious  formation. 

Types  o f  Flow  Problems 

y.  During  tlie  construction  phase  ot  a  project,  water  inflow  is  consid¬ 
ered  a  problem  (and  dealt  with)  only  when  the  inflow  halts  or  retards  con¬ 
struction.  However,  the  same  amount  ot  inflow  that  is  tolerable  during 
construction  may  not  be  tolerable  during  operational  phase  oJ  tlie  structure. 
Seepage  may  also  begin  after  construction  is  completed,  because  of  the  ele¬ 
ments  oi  the  structure  that  mod  i ;  v  the  iiorirai  ground-water  flow,  because  of 
favilty  construction,  becavo.e  i  .:'und..t  i  on  novements  due  to  consfilidatlon  or 

*  A  trihle  ol  factors  lor  convert  ing  uon-Si  unit^  of  mc.isurement  to  SI  (met¬ 
ric;  units  is  presented  on  p.iggc  1. 


ea’"thquakes ,  and/or  because  of  ground  movements  from  slope  Instability.  Many 
times  the  need  for  seepage  control  Is  recognized  In  the  design  stages,  and 
cutoff  construction  Is  Integrated  Into  the  overall  construction  schedule. 
However,  seepage  control  procedures  are  more  generally  carried  out  after  the 
structure  Is  completed, 

10.  Typical  seepage  problems  Include  infiltration  through  fissures  In 
rock,  through  joints  and  porous  zones  in  concrete,  and  through  pervious  soil 
strata. 


Control  of  Water  Flow 

11.  If  only  a  limited  number  of  channels  are  available  for  water  flow, 
it  is  feasible  and  usually  preferable  to  use  procedures  aimed  at  individual 
channels.  These  are  discussed  under  the  heading  of  "seepage  control." 

12.  If  many  channels  are  available  for  water  flow,  but  flow  is  occur¬ 
ring  only  through  a  f ew  of  them,  seepage  control  procedures  often  result  in 
shifting  the  water  flow  from  grouted  channels  to  previously  drv  channels.  If, 
in  the  end,  a  large  number  of  channels  must  be  grouted,  other  procedures  will 
probably  be  more  cost-effective  than  treating  flow  channels  one  at  a  time, 

13.  If  many  flow  channels  are  available  and  flowing,  such  as  in  the 
case  of  granular  soils  or  severely  fissured  rock,  procedures  are  generally 
tised  that  attempt  to  impermeabil ize  a  predetermined  volume  of  the  formation. 
These  procedures  jre  discussed  under  the  heading  "grouted  cutoffs." 

Grc'iting  Materials 
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14.  The  desirable  properties  for  grouts  used  for  seepage  control  an.d 
for  cutoffs  are  similar.  Except  for  ver^■  limited  special  cases,  ail  of  the 
grouts  used  must  be  permanent.  Thev  must  ha''’e  adequate  strength  and  impervl- 
ousness,  and  these  properties  must  not  deteriorate  with  age  ni  hv  i intact  with 
gror.nd  or  ground  water.  The  grouts  must  have  controllable  setting  times  over 
a  wide  range,  be  acceptably  nnnhazardous  to  humans  and  ecology,  and  he  Inex¬ 
pensive  enough  to  he  competitive  with  other  construction  alternatives. 

Finally,  thev  must  have  a  low  enough  viscosity  or  particle  size  to  iiermit 
placement  at  acceptable  economic  rates  and  safe  pressures. 


15.  Figure  1  shows  a  comparison  chart  of  various  ground-wafer  contrt.l 
methods  and  materials,  Including  commercial  grouts.  These  are  plotted  agalrst 
minimum  grain  size  and  permeability  of  granular  materials  in  which  the  various 
processes  are  effective.  The  data  can  also  be  used  to  define  the  minimum 
groutahle  fissure  size  for  fractured  rock  or  concrete.  The  limits  sliown  In 
the  chart  are  approximate,  but  the  relative  positions  of  the  processes  are 
reasonably  correct. 

16.  All  of  the  grouts  shown  have  histories  of  successful  field  use. 

The  effectiveness  of  each  in  terms  of  penetrability  can  he  evaluated  bv  defin¬ 
ing  the  specific  formations  to  be  grouted.  All  of  the  grouts  shown  are  con¬ 
sidered  permanent,  except  for  some  of  the  low  concentration  silicates. 

Although  the  various  products  differ  considerably  in  strength,  aH  ('again, 
except  for  som.e  of  the  low  concentration  silicates)  have  adecuate  strength  to 
resist  extrusion  from  flow  channels  if  placed  at  pressures  greater  than  the 
maximum  static  head  at  the  point  of  placement.  Recent  laboratorv  tests  give 
indication  that  some  of  the  silicates  may  not  he  stable  under  Irng-term,  high 
static  heads.  In  a  series  of  tests  reported  bv  Krlzek  and  Madden  at  the 
April,  1985,  ASCE  symposium  in  Denver,  Colorado,  the  beluvlor  pattern  shown  in 
Figure  1’  was  presented.  Silicate  grouts  generally  followed  patterns  1  and  2. 
Acrvlamides  and  acrylates  followed  pattern  3,  The  report  concludes: 

a.  The  polvacryllc  grouts  AM-9  and  AC-400  show  no  signs  of  deteri¬ 
oration  or  erosion  due  to  the  application  of  a  gjadient  of  100. 
The  permeability  of  specimens  iniected  with  these  grouts 
remained  constant  throughout  the  tests  and  appeared  to  he  inde¬ 
pendent  of  the  ctiring  time  allowed  prior  to  testing  or  the 
average  void  size  in  the  soil  matrix. 

b.  Specim.ens  iniected  with  the  sodium  silicate  grouts  underwent 
large  variations  in  permeability  during  the  early  stages  of 
testing,  but  once  the  permeability  stabilized,  it  remained 
relatively  constant  for  the  remainder  of  the  test.  The  value 
at  which  the  permeabllitv  stabilized  appears  to  be  dependent  on 
the  permeability  of  the  ungrouted  soil  and  to  a  lesser  extent 
on  the  chemical  characteristics  of  the  grout.  In  general.  It 
appears  that  at  gradients  between  50  and  100  the  maximum  long¬ 
term  reduction  in  the  permeability  of  a  soil  due  tt'  the  iniec- 
tlon  of  these  grouts,  is  one  to  two  orders  rif  m.-ignitude. 

£.  The  amotint  and  rate  of  grout  elutriation  appear  to  he  dependent 
on  the  strength  of  the  gel  and  the  amount  of  svneresis  experi¬ 
enced  in  the  grout .  The  polvacryllc  and  sodium  alumlnate 
grt'uts,  which  achieve  their  maximum  strength,  verv  shortly  after 
gelation  and  experienced  little  or  no  svneresis,  sliowed  no  sign 
of  grout  elutriation  when  cured  for  periods  of  at  lea.st  10  and 


30  min,  respectively.  The  silicate  grouts  require  several  days 
to  achieve  their  maximum  strengths  and  exhibit  reductions  of  as 
much  as  25  percent  of  their  original  volume  due  to  syneresis. 
Specimens  injected  with  silicate  grouts  and  cured  for  less  than 
one  day  experienced  rapid,  and  usually  complete,  elutriation 
because  of  lack  of  strength.  In  older  specimens  the  elutria¬ 
tion  was  a  gradual  process,  and  the  rate  at  which  the  permea¬ 
bility  increased  was  apparently  accelerated  by  increases  in  the 
degree  of  syneresis. 

d.  For  the  silicate  grouted  specimens  in  which  most  of  the  grout 
was  eroded,  that  grout  which  remained  appeared  to  be  concen¬ 
trated  at  the  contact  points  between  the  soil  grains. 

e.  Extreme  caution  is  recommended  when  considering  the  silicate 
grouts  tested  in  this  program  for  use  in  situations  where  they 
will  be  subjected  to  high  gradients. 

17.  All  properly  placed  grouts  at  time  of  placement  have  permeabilities 
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of  10  cm/scr  or  less.  Silicate  grouts,  within  days  or  weeks  after  place¬ 
ment,  undergo  permeability  increase,  probably  due  to  syneresis,  with  final 
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perr.eability  in  the  range  of  10  cm/sec.  This  does  not  appear  to  be  a  seri¬ 
ous  limitation  when  grouting  granular  deposits.  When  grouting  rock  fissures, 
however,  syneresis  may  have  serious  affects.  Recent  graduate  studies  at  Rut¬ 
gers  University,  of  which  some  results  are  shown  in  Figure  3,  indicate  that 
the  amount  of  syneresis  varies  with  the  catalyst  systems  (and  with  other  fac- 
torsl  and  may  approach  40  percent  of  the  grout  volume.  Thus  many  of  the  sili¬ 
cate  formulations  may  not  be  appropriate  for  grouting  fissures  for  water 
control . 

18.  Ail  of  the  grouts  have  controllable  setting  times.  Among  the  best 
are  acrylamides  and  acrylates,  and  among  the  worst  are  silicates  and  pheno- 
piasts.  The  degree  of  difference  between  those  described  as  "best"  and  those 
described  as  "worst"  is  not  sufficient  to  remove  any  of  them  from  considera¬ 
tion  for  field  work.  All  of  the  grouts  pose  some  degree  of  hazard  to  people 
and  ecology.  Among  the  best  are  the  various  silicate  formulations,  and  among 
the  worst  is  acrylamide.  Although  acrylamide  has  been  used  throughout  the 
world  since  the  mid-fifties  and  continues  to  be  used  everywhere  except  Japan, 
it  has  been  knowm  for  many  years  that  ft  is  toxic  and  neurotoxic.  More 
recently,  laboratory  studies  by  the  manuf acturers  indicate  that  .urylamide  is 
also  carcinogenic.  These  negative  properties  obviously  forecast  a  d.ecrease  in 
usage . 

19.  The  grouts  that  come  closest  to  matciiing  acrylamide's  excellent 
properties  are  the  acrylates.  Currently,  two  commercial  products,  somewhat 
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similar  in  nature,  are  available  in  the  United  States.  One  of  these  is 
AC-400,  and  the  other  is  Terragel.  Typical  properties  of  the  coumiercial 
grouts  are  shown  in  Figure  4.  Many  of  the  metallic  acrylates  can  function  as 
chemical  grouts.  The  selection  of  the  ones  marketed  commercially  is  based 
largely  on  cost,  but  also  on  specific  properties  of  the  various  salts.  Since 
some  oi  the  salts  will  increase  in  volume  when  changing  from  liquid  to  solid, 
it  is  possible  to  tailor  products  to  specific  field  requirements.  Acrylates 
have  low  levels  of  toxicity  and  ecological  impact  and  seem  to  be  the  best  can¬ 
didates  to  replace  acrylamide. 

20.  Among  the  relatively  new  catalyst  systems  for  silicates  is  a  prod¬ 
uct  called  glyoxal.  This  material  has  been  used  in  large  quantities  in  Japan 
in  recent  years  and  also  in  turope.  It  has  seen  little  use  in  the 
United  States,  altiiough  it  is  readily  available  from  several  sources.  It  can 
he  used  for  both  low  and  high  concentration  silicate  solutions,  and  with  or 
without  accelerators,  such  as  calcium  chloride.  Limited  laboratory  studies  at 
Kutger's  University,  some  results  of  which  are  sliown  in  Figure  5,  indicate  that 
gl\oxal  tends  to  give  much  higher  stabilized  strength  thar  other  catalyst  sys¬ 
tems.  However,  there  appears  to  be  a  falloff  of  strength  with  time.  (Tl-.is 
plieni’ir.enon  also  occurs  with  other  catalyst  systems.)  Glyoxal  was  not  among 
the  materials  c’necked  in  the  report  by  Krizek  and  Madden.  More  extended  test¬ 
ing  is  needed  to  determine  if  glyoxal  is  the  catalyst  that  will  permit  effec¬ 
tive  eve  of  silicates  for  seepage  control. 

.i  1 .  The  ability  of  a  solid  grout,  such  as  cement,  to  penetrate  a  fis¬ 
sure  cr  formatiem  is  a  function  of  the  particle  size.  A  rule  of  thumb  is  that 
formation  openings  must  be  at  least  three  times  the  maximuiri  particle  size  to 
prevent  rapid  blinding  of  the  formation.  When  normal  Portland  Cement  will  not 
penetrate,  high  early-strength  cement  (a  more  finely  ground  material)  is  often 
used.  Although  this  change  is  generally  ellective,  the  degree  ol  difference 
is  small.  Within  the  past  5  years  a  new  product.  Mlcrofine  Cement  MC-500,  has 
been  introduced  by  Onoda  Cement  Co.  of  Japan.  The  product  and  its  usage  were 
detiiiled  in  a  paper,  which  appeared  in  the  proceedings  of  the  New  Orleans  ASCE 
Grouting  (ionlerence  held  in  !9h2.  Figure  b  lists  some  of  the  physical 
properties  of  this  product. 

2.-.  Manfacturers  '  data  suggest  that  pene  t  rab  ii  i  t  \  ot  MC-SOO  is  equal  to 
tiirit  o!  acrylamides  and  acrylates.  Labciratory  studies  .it  kutgerr.  University 
tend  to  e.(uate  MC-500  and  the  siiic.ates,  in  regard  to  pene  t  rab  i  1  ilv . 
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?'3.  Cemont  and  silicates  are  mutual  catalysts.  Each,  In  small  quanti¬ 
ties,  can  be  used  to  gel  the  other.  MC-'iOO  also  follows  this  relationship. 
Hien  silicates  are  used  to  catalyze  MC-500,  setting  times  of  a  few  seconds  to 
several  minutes  are  obtained.  When  MC-500  is  used  alone  with  water,  settings 
times  are  s  to  f>  hr.  No  catalyst  system  has  yet  been  found  that  will  give 
reliable  retting  times  in  the  10-min  to  3-hr  range.  This  is  a  severe  draw¬ 
back,  but  pcssiblv  one  that  can  be  eliminated  by  modifying  percentages  of  the 
MC-5C()  components ,  Currently  the  cost  of  MC-500  is  high,  in  the  range  of  the 
cb.erical  grouts.  As  the  market  grows,  and  other  manufacturers  compete,  costs 
will  decrease  significantly. 

J'i.  Based  on  the  data  presented  above,  material  recommendat  ions  for 
seepage  control  and  cutoff  construction  are:  (a)  use  Portland  Cement  wherever 
^'easiblfc,  and  (b)  use  MC-500  and  the  acrvlates  for  field  conditions  where 
ordinary,  cements  will  not  penetrate. 

C r o utlng  Procedures 

Seepage  con t ro 1 

25.  The  earliest  studies  of  seepage  control  procedures  that  were  fully 
documented  for  the  profession  were  performed  in  1957  by  the  author  while  in 
charge  of  Cvanamld's  Engineering  Materials  Research  Center.  It  is  probable 
that  the  methods  developed  bv  these  studies  had  been  used  as  described  below 
or  in  modified  form  by  others  prior  to  the  publication  of  the  results  and  rec- 
om.mendations .  If  sc,  these  data  remained  hurled  in  contractors'  files  as  pro- 
prietarv  Information. 

2b.  The  initial  field  work  in  the  1957  studv  was  performed  in  a  Cana¬ 
dian  copper  mine,  25f)  ft  below  ground  surface.  This  was  one  of  the  first 
app  1  ica f  i of  grouts  ether  than  silicates  in  mines.  Data,  on  fault  zone 
locntirp,  such  .is  shown  on  the  drift  map  in  Figure  7,  as  well  is  direct  visual 
obs-Tvatirn  of  seepage  iorations  were  used  to  determ'Ine  placing  ,ind  direction 
oi  grout  bo’es.  Croiiting  through  these  holes  proved  to  he  rompletel'’  'neffec- 
ti'.e  in  reducing  seep.age.  This  work  indicated  clearly  that  th(  route  groui 
woLi'd  follow  f" '‘rom  Its  in-jection  point  to  its  exit  point  or  fira’  b-cation' 
could  iK't  be  determiried  with  an'-'  acruraev  b\  interpretation  rt  tVie  geologic 
map  coupled  witti  visual  site  examination.  in  fact,  the  complexitv  of  seepaeo 


chroueh  a  flspured  rock  n:ass  virtually  precludes  the  effecff\’e  preplanm'r.e  of 
a  complete  croutins  operation. 

?7.  Following  the  initial  mine  grouting,  a  series  of  laboratory  experi¬ 
ments  were  set  up  to  simulate  field  seepage  conditions.  I.uciti  tubing  war 
tised  to  represent  seepage  channels  and  drill  holes,  as  shown  in  Figure  F. 

18.  In  one  experiment,  point  B  was  shut  and  water  was  pumped  through 
point  A  at  a  constant  rate  until  equilibrium  was  reached.  The  numbers  on  the 
lines  in  Figure  8  show  the  percent  of  total  flow  going  through  each  line, 
ilien  the  I'clume  pumped  through  point  A  was  changed  and  equilibrium  again 
•established,  the  percent  of  total  flow  going  through  each  line  varied  as  shown 
on  the  table  in  Figure  8. 

I'i.  ('ther  experiments  verified  the  conclusion  tc  be  drawn  from  this  one 
tho.t  Percent  flow  was  not  a  direct  function  of  total  flow  and  that  the  varia¬ 
tion  wa<-'  ro.irh  higher  in  pipes  with  low  percentage  flows  than  in  those  vnth 
high  percentages. 

hh  It  was  found  after  working  with  anv  given  model  under  a  number  of 
dlflerent  conditions  that  sufficient  data  were  available  so  that  the  simulated 
seepage  svstem  could  be  sealed  with  a  preplanned  proredvire.  The  required  data 
1 c r  anv  svstem  could  he  sun:mariged  bv  the  following  descriptions : 

a.  The  required  pumping  pressure  to  fill  all  the  seepage  channels 
with  ground-water  dilution  held  to  negligible  proportions. 

h.  the  time  lapse  from  the  start  of  pumpitig  until  the  pum.ped  fluid 
reaches  the  end  of  each  seepage  channel. 

c.  The  \’iilume  of  pumpetl  t  luid  required  to  fill  all  the  channels  at 
the  required  pumping  pressure. 

hud:  data  can  be  ol't.iinec!  onlv  hv  a  pumping  test.  It  cannot  be  obtained  bv 
visual  examination  even  for  verv  simple  seepage  systems,  because  the  addition 
(■' f  e:-:tarn;il  pumping  pressvire ,  which  will  be  renulred  for  grouting,  changes  the 
*  a r a  :  t e r i s t  i  c s  of  the  seepage  svstem. 

II.  I, ah  work  and  field  work  both  indicate  conclusivrlv  that  when  pres¬ 
sure  ci  ji(i f  ir-,ns  within  a  seepage  svstem  a.re  changed,  the  verv  small  leaks  are 
miK  '  -f.re  at  'A'cter'  than  miip  large  ones.  Thus,  it  shoulfi  be  expected  that  a 
I  i  H  ]  q  ri'~p:ng  test  wi'l  reveal  leak^  which  were  not  flowing  tinder  normal 
‘■'ati"  he'd  co,u<i  1  t  i  ons  . 

'  A  die  I  a'h('ratorv  studies  showed  that  at  some  pciint  within  a  seepage 
s-,srt-;  fi-e  fluid  pimped  mixes  witii  the  internal  fluid  fin  field  work, 

this  m,‘  mix  with  ground  wateri.  At  sma  1  ,  pumping  volum.es  it 


sh.'iild  he  expect  eel  I  hat  ‘-omewhe  re  within  the  seepage  system  grout  will  be 


diluted  with  k,rouiu!  water  to  the  extent  that  it  will  not  gel.  As  the  pumping 


volume  is  increased,  tlie  detrimental  dilution  will  decrease.  Under  both  ron- 


ditious,  the  groiu  tends  to  t 1 ow  toward  and  into  that  portion  oi  the  seepage 


system,  rarthest  ;  roir  the  source  (>t  ground  water  supplv. 


-id.  The  labor  iturv  studies  pointed  tlie  wav  to  techniques,  refined  by 


lield  experimentation,  which  wi'rk  well  in  sto[<ping  seepage  in  tractured  rock. 


ind  which  .ire  al.sn  useful  In  treatiiig  fractured  and  porous  concrete.  The 


tirciu;  iqiie  ^ov..  Ir.ts  oi  i  i  t  .a  drilling  a  short  hole  that  will  intersect  water¬ 


bearing  lissiires  and  cracks.  holes  arc  drilled  in  the  simplest  fashion,  otten 


wickharKniet  .  Dry  holes  are  generally  worthless  cind  should  be  abandoned. 


■t  holes  (lioles  that  strike  water)  are  generally  useful  and  are  dye-tested  as 


as  Ciir.ipie  t  ed  , 


Jd.  The  d>e  t-st  is  Uoni'  with  the  grout  plant  by  pumpii'.g  dyed  water 
tiirougli  a  packer  placed  at  the  collar  oi  the  wet  hole  just  drilled.  The  dye 
concent  rat  ion  must  be  catetuily  controlled,  so  that  if  ground  water  dilutes 
the  dye  beyond  the  peunt  where  similar  dilution  would  prevent  the  grout  from 
gelling,  the  dye  cannot  be  seen.  Pumping  pressi’res  should  be  kept  well  below 
the  pump  capacity.  It  these  criteria  limit  the  pumping  rate  to  less  than 
1  gpia,  it  ma>  be  best  ti'  abandon  the  hole  and  drill  a  new  one.  (The  rate 
noted  is  approximate  .ind  may  well  vary  from  job  to  job.  At  some  low  rate  for 
each  specitic  :ob,  it  will  become  economically  more  feasible  to  drill  new 
holes  to  fl'd  higher  cakes  rather  than  to  treat  tight  ones.  Job  experience 
will  soon  dictate  wliich  wet  tides  need  not  even  be  tested.) 


Jo.  When  the  dye  test  begins,  the  adjacent  wall  area  is  carefully 
watched  ror  evidence  of  dye.  When  dye  is  first  seen  at  any  point,  the  time 
since  the  start  of  pumping  is  noted  as  well  as  the  pumping  pressure  and  rate. 
I!',  e  re.sts  ma}'  be  stoppeii  when  dye  appears  at  one  point  or  may  be  continued 
until  j  number  ol  different  locations  show  dye,  (Generally,  the  points  where 
dve  .appe.i;  s  are  in  areas  which  are  already  wet  or  flowing.  ihis  is  the 
an.sumed  conoitic'u  in  the  discussion  which  follow.s.  It  dye  appears  onlv  in 
areas  th.ai  were  dry  prior  to  the  dye  test,  tlie  hole  should  he  liandoned  .  )  For 
e  1  h  poir.t,  lime,  pressure,  and  ra  e  are  recorded. 

Jf  .  [.very  time  dye  appears,  this  indicates  that  an  open  seepage  (hannel 
c.ci  '.ts  between  the  packer  and  the  point  where  dye  appears.  fhe  exact  location 


it  the  channel  within  the  rock  mass  is  not  knewn,  but  if  the  ri  r  1  1  1  hole  leing 


I 


i 


water,  t'.en  the  established  channel  must  rearli  into  tiie  water 


'mew'':ere.  Therefore,  the  hole  is  worth  grout  int;. 


he  time  recorder!  for  the  appearance  of  rive  Is  tic  maximum  gel  time 


can  ''e  u-od  to  seal  that  particular  channel.  Irvieer  gel  times  are 


the  croiic  will  rur  out  of  the  leak  before  it  sere.  ii  the  time  is 


"’iu'rt,  o  '  t'-.e  order  of  5  ro  10  sec,  this  mav  be  toe  short  a  ge  i  time  to  handle 


readiU’.  effective  time  can  be  lengthened  bv  Inwerinc  the  pumping  rate. 


'"f- i  s  is  a  necessarv  step  wher;  attempting  to  seal  a  number  c  •'  oonts  from  one 


hole  and  one  of  the  zones  has  a  verv  short  return  time. 


Tf  the  return  time  is  long,  sav  5  min  or  m.ore,  -t  can  ''e  shortened 


hv  increasing  the  pumpine  rate.  This  will  general Iv  raise  the  punping  pres- 


md  mav  t'^ierefoi'e  not  l^e  reasih''i-  if  allowable  working  i->!  es‘-‘i.res  would  he 


exce-.de'.  it  is  usually  not  prod'K'tive  Co  treat  holes  th.at  show  ret'irr  times 


'0  t'e,  ;)nd  more  w'nen  holes  with  shorter  return  time-  are  avin'lahle. 


''eso-tng  pumps  are  highly  desirable  for  riealir.g  with  seepage  prob- 


-  f-''  rre  d'.'c  tests  and  the  actual  grouting.  ('n.rc  .a  hole  t;as  been 


.ii'd  it  has  been  determined  that  griuiing  is  in  order,  the 


lines  mav  ^ switched  directlv  from,  the  dved  water  tanks  to  the 


c  r-  "(  r  nn'-'s'.  h'.-e  m.a.v  als'  he  used  in  the  grout,  a  .olor  diffcroiit  from  that 


e  s  t  inn. 


.•"'■■n  nii-’ping  logins,  the  pumping  volume  si.ould  '■'C  brought  as 
1C  possihT  to  ttiat  used  during  the  tests,  and  the  grout  Itself  should 


: !  .a  a  g  ■'  i  r  ;  r-c- 


■out  three  euarters  of  the  previouslc’  recorded  return 


.  Tit  r  :mnt-!g  pressure  is  monitored  to  make  sure  it  dues  nrit  exceed  the 


i’T'w.'.hle,  Kut  otneT’wise  no  attempt  need  be  made  at  this  stage  to  keep  the 


orc-si;re  o.n  d-.u  test  value.s.  The  leak  Is  watched  close!  v.  It  should  begin  to 


sell  f  iciiir  the  recorded  return  time.  If  this  does  not  happen  and  dve  fof 
r'^'c  -olcr  cued  in  the  grnutl  does  not  appear  at  the  leak,  then  dilution  bevond 


(hllitv  t-a  gel  has  occurred.  (This  would  normally  mean  too  high  a  dve 


was  used  in  the  dye  tests.)  Tf  dve  doe.s  appear  Init  the  leak 


ae  T'  ,  t^'en  dilution  of  the  grout  has  extended  th.c  gel'  tire  hevopd  the 


'hi''  mav  be  countei  acted  bv  decreasing  tlcc  gel  time  (easy  to  do 


'u  ccuiriment  hut  '-erv  difficult  with  equal  volume  cuuipment)  or  bv 
?  ■  puTpInp  rate  ieasv  to  do  v.'ith  either  kind  of  equipment). 

'v:  the  leaK  negins  to  seal,  the  pumping  pres.cure  will  ri.se,  partic- 


c  '  I .  ( n  n  e 


being  treated.  Tf  the  rise  is  rapiu'  or  reaches 


I  Ini  ^.IH  ^.^71 


hif;h.  eiiOugh  values,  it  will  blow  out  the  seal  just  miicle  and  reopen  the  leak. 
Theretore,  it  is  important,  as  the  leak  begins  to  seal,  to  keep  the  pressure 
from  rising  b>  reducing  the  pumping  rate.  it  is  desirable  at  this  time  to 
contirue  pumping  and,  if  possible,  to  place  additional  grout,  since  the  grout 
no\  being  pumped  is  most  picbably  going  directly  into  the  source  of  the  seep¬ 
age.  If  field  conditions  and  experience  offer  no  clue  to  the  additional  vol¬ 
ume  to  be  placed,  pump  an  amount  equal  to  that  pumped  up  to  the  time  the  leak 
? L' i  ec  . 

Once  gel  begins  fcimlng  in  the  seepage  channel,  the  entire  seepage 
net  is  .altered,  and  all  previously  gathered  seepage  data  may  become  totally 
wnreliabJe.  Ihis  is  the  primary  reason  why  holes  should  be  drilled,  tested, 

.I'ld  grouted  one  at  a  time.  For  holes  which  feed  more  tlian  one  leak,  consider¬ 
able  change  in  return  times  will  occur  once  sealing  of  one  leak  begins.  For 
sucii  lu'les,  sealing  of  additional  leaks  becomes  a  t r iai-and-error  proposition, 
witii  a  go.d  chance  of  blowing  out  earlier  seals  with  the  higher  pressures  that 
mas  be  needed  for  other  leaks. 

43.  The  process  described  can  be  readily  used  to  seal  one  leak  or  zone 
■ic  a  time,  and  if  the  total  number  of  leaking  zones  is  small,  the  technique  is 
economical  for  complete  seepage  control.  (Actually,  100  percent  shutoff  can 
ce  obtained  for  individual  leaks  but  is  often  not  economically  feasible  for  a 
.system  with  many  leaks.  For  example,  it  may  cost  as  much  to  shut  off  the  last 
U)  percent  a.s  it  does  the  first  90  percent  of  the  total  seepage.)  However,  if 
there  are  many  leaks,  the  method  becomes  very  time-consuming,  and  It  also 
becum.e-1  nece.s.snry  to  shut  olf  leaks  by  shutting  off  the  source  of  seepage. 

Clrout  punipsd  through  the  hole  after  all  the  external  leaks  have  closed  is  very 
effef.Ll,ve  tor  t!;is  purpose.  It  m.ay  be  necessary  to  use  cutoff  wall  procedures. 
Curtain:- 

4a.  C.rout  curtains  are  barriers  to  ground-water  flow  whose  purpose  is 
to  re.'-ti  :ci  or  redirect  the  existing  ground-water  flow  paths  sufliciently  to 
limit  t.tai  ..Iter  flow  to  voidable  amounts.  A  curtain  is  created  !y  grout  iT'.g 

a  vcjiui:,''  of  sail  I'lr  ro  k,  general  1>  of  limited  thickness,  normal  to  the  exist¬ 

ing  1  low  dirc.ti.n  .  Typically,  a  grout  curtain  ct>uld  be  used  alongside  or 
und  a..e.iLh  ,  d.ar,  to  reduce  ;ir.iin:Hge  o',  tlie  impoundei'  water,  Cv'  t.  ins  m.'-V  also 

be  placed  oruund  construction  sites  or  shait.s  to  reduce  water  IiiIIoa.  Uiiere 

the  rec'.ircd  ccr.icc  life  i  .s  c!  limited  duration,  well  points  oi  lither 
c'  ;  ,,trn,  ti..  r.  niethod.s  often  prove  more  practical.  For  long-terc'  shutofis, 


v! -'r'-  ti'<“  .-nne  to  be  inperme.'ib't  Hzed  is  close  to  ground  surface,  slurrv  walls 
ai'e  .o'tei!  "ore  cost-effective.  Where  the  treattent  Is  deep  or  below  a  struc- 
!.  lire  tha.r  cannot  be  breached,  grout  curtains  remain  the  most  pract.cal 
''  I  u  t  ion  . 

o .  The  previous  discussion  of  grouting  materials  Is  applicable  to 
curtains  as  well  as  to  sealing  small  seepages.  f'owever,  grout  curtains 
are  centoc.’lv  large  iobs  in  terms  of  time  and  materials  Involved.  For  large 
jobs  o  *'  an;-'  kind,  there  is  often  economic  merit  in  the  use  of  more  than  one 
croiit,  using  a  less  expensive  material  fcr  the  first  treatment  fcement,  clay, 
nd  hentr'ii’te  s'nou''rl  he  considered  if  thev  will  penetrate  coarser  zones)  and 
.■’ol  V'ving  with  ;i  tgenerari'.l  more  expensive  and  less  ','iscou=  material  to  han¬ 
dle  rr-sidual  pe  rme  ah  i  1  i  t  v .  date,  there  has  been  I’erv  limited  use  of  the 

".icroMriC  cements.  These  products  fall  in  between  normal  cem.ents  and  the  low 
V  i  scos  i  t'--  chemlca!  grouts  botli  in  penetrability  and  cost,  and  dfpending  upon 
site  corditions,  thev  mav  replace  one  or  both  of  the  other  grouts. 

'•b.  Tbe  pattern  for  a  grout  curtain  is  a  plan  view  of  the  location  of 
e  u  *■  .-’  our  line  or  row,  and  everv  hole  in  each  tow.  The  sequence  of  grouting 
“•j-'h  hc-'ic  should  also  he  noted  on  the  pattern.  In  order  t(^  approach  total 
''m;-)’,  a  grout  curtain  must  contain  at  least  three  rows  of  grout  holes  and 
tb'.'  i’-.pgr  i-nv:  should  be  grouted  last.  The  distance  between  rows ,  as  well  as 

the  dist'ince  between  b.oles  in  each  row,  is  selected  bv  balancing  the  cost  of 

pla..  iic,;  v”.  iit  holes  against  the  cost  of  the  volume  of  grout  required.  As  the 
sparine  hetweer;  gr('ut  holes  increases,  the  required  total  grout  volume 
inrre.ises,  but  tiie  required  linear  feet  of  dt  filing  decreases.  For  anv  spe- 
'  i  *' i  r  b'-,  the  actual  costs  of  drilling  and  grout  can  be  computed  for  several 
d  1 '  e  r  eri  t  spacings  to  deterp'ine  the  specific  spacing  for  minimum  cost.  This 
eenera'  turns  out  to  be  in  the  3-  to  h-ft  range  lor  cheniicni  grouts.  For 
r-  e  -’irr  'fire'  cements,  nntimun  spacing  will  fall  in  the  sane  range. 

<  ruMt  curtains  placed  with  normal  cement  grout  have  in  the  past 
■i  ,  'artrer  Icle  spacings  to  begin  with  flO  to  30  ft),  and  have  used  a 

'  '  :  1].-  ,  •  -pi  -ft  Inc  the  spacing  one  or  more  times  wliile  grouting  to  a 
'I''  !•  ,  ■  :■>■:  c.n  ('r  volume.  Thus,  holes  placed  at  a  ?0-ft  spacing  to  begin 
■  1.  '  ,  nt  tu  a  'O-ft  sparing,  then  ')  '"t  ,  then  3  1/2  ft.  etc.  This 

•u  .  ,  vii,'  reuuiupq  n  Irt  of  drilling,  is  based  on  the  fact  that  cement 

.  '  v  ,  ,nu;prai’\  used,  will  have  lor^g  setting  times  in  the  field,  several 
,,  -r  -f.-r.  A'^ier  working  with  cement  as  the  m.aior  gmut,  lu'Ie  spacing 


30 


should  start  at  10  tt  or  more  ii  r.icrt'tine  cements  or  chemical  grouts  will  not 
be  used,  'or  will  be  used  only  in  the  center  row  <'i  holes.  If  normal  cements 
are  to  be  used  at  the  start  ol  a  chemical  giout  curtain  primarily  to  plug 
large  voids,  the  spacing  oi  grout  hirles  should  be  that  applicable  to  a  chemi¬ 
cal  grout  curtain. 

48.  The  'ength  of  a  grout  curt.cti!  is  often  determined  by  the  physical 
parameters  of  the  job.  A  cutoff  between  two  foundations  obviously  has  a 
length  equal  to  the  distance  between  them.  A  grout  curtain  on  one  side  of  a 
dam,  f'.oweve;  ,  need  not  extend  indel  initely  or  to  the  closest  impervious  forma¬ 
tion.  Sucfi  curtains  function  by  extending  the  otherwise  short  flow  paths  far 
enough  so  that  flow  Is  reduced  to  tolerable  amounts.  The  length  may  be 
extended  to  where  more  permeable  zones  terrunate  or  uay  be  designed  on  hydrau¬ 
lic  prii.ciples  alone. 

49.  The  depLli  of  a  grout  curtain  es  determined  by  the  soil  profile, 
bnless  the  bottom  ot  t!ie  curtain  reaches  relatively  impervious  material,  the 
curtain  will  be  ineffective  it  shallow,  and  very  expensive  if  deep. 

50.  Ulien.  a  grout  curtain  is  built  tor  a  dam  prior  to  the  full  impound¬ 
ing  of  water  behind  the  dam,  there  may  be  no  way  to  evaluate  performance  of 
the  curtain  for  a  long  time  after  its  completion.  Even  when  performance  can 
be  evaluated  quickly,  there  is  often  no  way  to  relate  poor  performance  to 
faulty  construction  opening  or  "windows"  in  the  curtains  which  were  not 
grouted.  Thus,  complete  and  detailed  records  are  vital  for  each  grout  hole. 
These  will  indicate  the  location  of  probable  windows  and  permit  retreatment  ot 
sijch  zones  while  grouting  is  still  going  on. 

51.  In  contrast  to  the  seepage  problems  previously  discussed,  grout 
curtains  cannot  economically  be  constructed  by  trial  and  error  in  '  b.e  licld. 
The  entire  program  of  grouting  must  be  predesigned,  based  on  data  fren.  a 
geological  investigation  and  an  adequate  concept  of  anticipated  per  f  (.mmance . 

52.  The  first  step  in  the  design  of  a  grout  curtain  i  tfie  spatial  def¬ 
inition  cf  the  soil  or  rock  volume  to  be  grouted.  The  design  tin.-n  difir.;'  tl-e 
]  cation  of  grout  holes  and  the  sequence  of  grouting.  I'or  eacli  liole  the  vi>l- 
Linie  o;  grout  per  lineal  loot  of  hole  is  determined,  based  on  the  void  volut.e 
lii.d  tic  pipe  spacing,  to  allow  sufficient  overlap  hetweei'.  grouted  n'lies.  The 
LStiot  is  til  form  a  stabilized  cylinder  cl  a  desired  specific  ciian.ete;  a  ong 


the  leneth  of  pipe.  The  diameter  is  selected  so  that  sta*  filled  masses  from 
adiacent  prout  holes  will  be  in  contact  with  each  other,  and  overlap  sllghtlv. 

53.  In  practice,  it  is  difficult  to  svnchronize  the  pnm.pinp  rate  and 
pipe  pulling  (or  driving)  rate  to  obtain  a  imf^'orm.  grout  placement  rate  along 
the  pipe  length.  Tt  is  common  practice  to  pull  (or  drive'  the  pipe  in  tncre- 
mfMits  and  hold  it  in  place  for  whatever  length  of  time  is  required  to  place 
the  desi'"ed  volume  of  grout.  If  small  volumes  Oi  grout  are  placed  at  consid¬ 
erable  distances  apart,  the  obvious  result  is  ist'lated  stahili.'ed  spheres  for 
flattened  spheres'.  As  the  distance  between  placement  ’Tints  decreases,  the 
stabilized,  masses  aporoach  each  other.  The  stabilized  m.  isses  wi  1  '  also 
.’irnroach  each  other,  if  the  distance  between  placement  points  remains  constant 
hut  grout  volume  increases.  Experiment  and  experience  have  shown  that  the 

I  hances  of  achieving  a  relatively  uniform  cvlindrical  stic.pe  are  best  when  the 
di.stancc  the  pipe  is  pulled  between  grout  injections  does  roi  exceed  the  grout 
f  ’  ow  d  i ;;  t  ,• ','iC  ?  ncrrr.,\l  to  the  nipe.  For  example,  if  a  stabilized  cvlinder  5  ft 
in  c'iareter  !•  wanted.  In  a  soil  with  30  percent  voids,  45  gal  of  grout  are 
’•eedo'J  per  foot  .  ‘  g’out  hole.  The  pipe  should  not  be  pulled  more  than  30  in. 
At  ’’I- in,  pulling  distance,  !1?  gal  should  be  paced.  (The  grouting  could  also 
'•e  done  1”  iniectlng  "  ,gal  at  !8-ln.  intervals,  etc.) 

54,  Even  when  rhe  proper  relationship  between  volumes  and  pulling  dis- 
t.'.rcf-  i  .s  ohser'.'ed,  nonuni '"orm  penetration  can  sti'l  occur  in  natural  deposits 
’when  thes;.-  ,,v-e  stratified.  Degrees  of  penetration  can  varv  as  much  as  natural 
permeah  i  1  1 1'.  differences.  Such  nonuni  form!  ty  has  adverse  effects  on  the  abil- 
itv  t  '  :'irrv  out  a  field  grouting  operation  in  accortlance  w’it'n  the  engineering 
d  e  '  ■  i  g  r. . 

'5.  It  would  be  of  maior  value  to  be  abl(  to  obtain  uniform  penetration 
rc' i  e  s  s  of  pr  rrieab  i  ’  i  t  V  differences  in  the  soil  profile.  'n  assessing  the 

’  r  penetr  ition  differences.  It  becomes  apparenr  that  the  grout  which  is 
(■’’f.-tvd  first  will  seek  the  easiest  flow  paths  (through  the  most  pervious 
rr'atrj;  ilx'  anCi  wi’’  flow  pro f f ren 1 1  a  1  1  v  through  those  p.aths.  To  modify  this 
I  "ol’tion.  '  t’ler  thictcTs  must  be  Introduced,  If  the  grout  were  ma.le  to  set 
p ;  :  r  to  rhc  romoletirri  of  tiie  grouting  '’p'ention,  it  would  set  in  the  more 

,,|uu  finueT-  whf:e  it  hati  giTc  first  and  force  tlie  remaining  grr'ut  m  flow 
iFito  t'.e  ‘"iner  I’res.  Accurate  control  of  gi  1  time  thus  becomes  an  important 
far  1 1 T  in  ohtair’TT  moee  uniiorf.  penetration  in  r  ra  t  i  t  i  e  d  depi  sit.s.  .hi^t  as 
in  '  o--.t;(  ‘  'ing  the  de  t  r  I  r  en.t  a  I  eiterts  o  *'  g  round- we.  t  e  r  'low,  -o'-e  'initorn 


ptT.err.it  i(in  ir  strntifled  deposits  also  requires  keeping  gel  times  to  a 


'“'i  1 II  1  mum  . 


rhe  operating  principles  ran  be  summarized  as  follows: 


T>ie  pipe  pulling  distance  must  be  related  to  volume  placed  at 
one  point. 


h.  71:e  dispersion  effects  of  gravity  and  ground  water  should  be 
kept  to  a  minimum. 


excess  penetration  in  coarse  strata  must  be  controlled  to  per¬ 
mit  grouting  of  adjacent  finer  strata. 


.  The  '  ir-pit;  criterion  requires  only  arithmetic  and  a  knowledge  of 
i’  voids.  Isolated  stabilized  spheres  will  result  if  the  distance  the  pipe 


is  piille::  to^tween  injections  is  greater  than  the  diameter  of  the  spheres 
■ormeT  bv  the  volumes  pumped.  Graphic  trials  at  decreasing  pipe  pulMng  dis- 
•  , 'ces  readilv  show  that  the  stabilized  shape  begins  to  approach  a  cvlinder  a< 
the  distance  the  pipe  is  pulled  approaches  the  radial  spread  of  the  grout  a.s 
discussed  provlouslv. 


58.  Ihe  second  criterion  requires  that  grout  be  placed  at  a  substan¬ 


tia  i  1  v  creator  rate  than  the  flow  of  ground  water  past  the  placement  point  and 
that  the  gel  firre  does  not  exceed  the  pumping  time.  In  the  formations  where 
chemical  grouts  would  be  considered — those  too  fine  to  be  treated  by  cement, 
pumping  rates  more  than  I  gpm  are  adequate  to  prevent  dispersion  under  laminar 
flow  conditions.  (Turbulent  flow  does  not  occur  in  such  soils  other  than  at 


lufaces  exposed  h'-  excavation).  The  control  of  gel  times  not  to  exceed  the 


pumping  time  1  .s  readil\'  done  with  dual  pumping  svstems  but  is  difficult  and 


rustrating  v i th  batch  svstems. 


rhe  third  criterion  requires  that  the  gel  time  he  shorter  than  the 


umpine  time. 


H'he  a  1 '■err  a  t  i  ve  is  to  make  additional  injections  in  the  ^nme 


cone  a''t,.r  first  in-iection  has  set.  Thin  would  require  additional  drlll- 
i  •- v  iid  won  if'  ccrtainlv  be  more  co.stly).  This  process  is  feasible  with  chemi¬ 
cal  grouts  hi'!'  chvlouslv  cannot  work  with  a  hatch  system.  Dual  pumps  and 


coiitinuoiis  cstalvsis  are  required. 


.“^ummarv 


to.  I  (C'lt  ro  1  1  1  ng  seepage  or  flow  through  su'osurface  channels  rennires 


p  1  u  vg  i  n  g  t'lc  channels  Indlvidiiallv  or  ro  ’  I  ec  t  ive  1  .  fronts  are  otten  usin!  tor 


•Is'se  purpossp.  fb-monfs,  including  the  new  microfine  products,  and  acrvlatcs 
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FLKXTRI.E  MEMBRANE  LININGS 
by  William  R.  Morrison 
Bureau  of  Reclamation 

Background 


1.  Sii’ce  the  end  of  Wc>rld  War  11,  the  rapid  development  of  svnthetic 
polvmers  1ms  made  a  host  of  new  construction  materials  available.  In  coopera¬ 
tion  with  industrv,  the  Bureau  of  Reclamation  has  conducted  extensive  labora- 
tnrv  and  field  research  on  manv  ol  these  synthetic  materials  engineered 
spociflcallv  for  use  as  waterproof  membrane  linings.  This  work  has  led  to  the 
development  o'  FfiL ' s  (flexible  membrane  linings)  for  seepage  control  in  irri¬ 
gation  canals,  reservoirs,  and  ponds.  As  a  result  of  this  development,  there 
has  been  an  increased  use  of  FMT.'s  in  dam  construction. 

1.  The  FMl.'s  are  thin,  tough.  Impermeable  plastic  or  eiastoireric  films 
ranging  in  thickness  from  10  to  lOG  mils  (1  mil  equals  n.0r>l  in.).  Tlie  term 
"geomembrnne"  has  recentlv  been  coined  for  FM!  's. 

i .  The  most  common  mem.brane  linings  include  the  following  materials: 

a.  PVr  (polvvinvl  chloride). 

b.  f.nPE  (low-density  polyethylene).  This  plastic  is  the  type  used 
in  manufacturing  trash  bags,  such  as  lleftv  and  Glad.  For  com¬ 
parative  purposes,  trash  hags  range  in  thickness  from  1-1/2  to 

2  mils.  Also,  i.DPF  is  quite  often  called  i  snueen . " 

£.  HOPE  (h  tgh-dens  i  tv  po  1  ve thy  1  ene . 

d.  CPE  (chlorinated  po lyothvl one >  . 

e.  GSPE  (chi orosul fonated  po 1 ve thv 1 ene )  .  This  material  is  also 
called  Hvpalon,  which  i'^  luipont's  trade  name  for  the  compound. 

f .  Butyl  rubber. 

g.  EPIIM  (ethylene  propylene  diene  monomer). 

Some  of  these  linings  (d  through  gl  can  be  manufactured  with  a  reinforcing 
scrim  to  improve  tear  strength  properties  and  dimensional  stability  (shrink 
re s  i  s  t .1  nc e )  . 


Cana''  Linings 


.  Much  of  the  development  work  on  plastic  canal  linings  has  heen 
'i  c  c  I  r-p  1  i  shed  under  the  Bureau's  !  GCi  ''Lowei'  (iost  Canal  linlngl  program, 


terminated  in  1967,  and  its  replacement,  the  OCCS  (Open  and  Closed  Conduit 
Systems')  program. 

5.  The  use  of  the  plastic  linings  has  primarily  been  in  conjunction 
with  the  rehabilitation  of  old,  unlined  canals,  especially  in  areas  unsuitable 
for  compacted  earth  or  concrete  linings.  This  work  involving  the  procedures 
listed  below  is  generally  accomplished  during  the  nonirrigation  season,  and  it 
often  involves  wintertime  construction. 

a.  Excavation  of  the  existing  canal  a  minimum  of  1  ft. 

b.  Subgrade  preparation. 

c.  Installation  of  the  membrane  lining. 

d.  Placement  of  an  earth  cover  (12  to  18  In.  in  depth)  to  protect 
the  membrane  from  the  elements  and  physical  damage. 

r.  Because  of  the  requirement  of  an  earth  cover,  membrane  linings  are 
’'oatricted  tn  canals  having  low-velocity  flows  (1  to  3  ft/sec).  Also,  the 
side  slopes  should  be  no  steeper  than  2.5:1  and  preferably  3:1.  Several 
excellent  artic’e^i  have  been  prepared  recently  concerning  slope  stability  of 
m.emhrane-l ined  facilities  (Ciroud  and  AH-Llne  1984,  Martin  and  Koerner  1985). 

I.  Either  PVC  or  LDPE  can  be  used  in  plastic  canal  lining  work.  The 
derision  to  use  PVC  or  PE  (polyethylene)  Is  made  on  the  basis  of  local  condi¬ 
tions  and  service  requirements  for  each  specific  Installation.  Because  PVC  is 
more  resistant  to  punctures,  more  readily  available  in  larger  sheets  (up  to 
70  ft  wide  and  1,000  ft  long,  depending  upon  thickness),  and  more  easily 
repaired  and  field  spliced  with  solvent-type  cement.  It  has  been  used  more 
exref'sivelv  than  PE  in  Bureau  work. 

8.  Although  PF,  possesses  better  low-temperature  properties  and  aging 
characteristics  than  PVC,  it  is  more  difficult  to  handle  and  currently  is 
available  onlv  in  seamless  rolls  up  to  40  ft  wide  and  200  ft  long.  Conse¬ 
quently,  it  renuires  more  field  seams.  These  shortcomings  ha^'e  recently  been 
discussed  with  '"nited  -States  manufacturers  of  PE  film. 

.  '■’le  first  PVC  installation  under  Bureau  construction  specifications 

was  in  1968,  on  the  Helena  Valiev  Canal,  Helena  Valiev  I’nit,  Montana.  Eince 
then,  PV('  has  beer  used  in  rehabilitation  work  on  the  East  Bench  I'nit, 

.'■'('n t ar ,1 ;  Riverton  I'nit,  Wyoming  (Wilkinson  I984);  Farwell  Unit,  N'ebraska:  and 
the  Vakim.'i  I'ro’Pct,  Washington. 

I'!.  I.'ir  this  w’ork,  PVC  of  lO-mil  (h.O!  in.)  thickness  was  used.  !  ow- 

based  on  field  and  laboratory  performance  studies  conducted  the  past  tew 


ve;’rs,  P\'r  is  now  being  specified  in  durenu  work.  The  ndditional  cost 

of  Ctu'  heavier  ea\;r:e  material  will  be  minimal.  With  a  I  (T1  percent  increase  in 
thickness  of  the  membrane,  the  overall  cost  of  cons  t  »'iir  t  i  on  will  'inlv  increase 


bv  about  lo  percent. 

M.  Plastic  linings  are  now  being  specified  for  new  cons t met  ion .  For 
example,  a  2U-mi  1  PVT  is  being  used  on  the  San  I.uis  Project,  f’olorado,  to  line 
a  conveyance  channel  for  delivering  salvaged  ground  t.aater  as  a  supplemental 
source  to  tlip  Rio  Grande  River.  Three  of  four  specifications  have  been  issued 
and  awarded  for  this  work.  The  installation  on  the  San  I.uis  Proiect  is  the 
largest  vise  to  date  of  a  plastic  lining  in  canal  construction  in  the 
Inited  States  fStarbuck  and  Morrison  1984;  Morrison  198S) . 

Id.  in  1984,  a  study  was  completed  (Morrison  and  Starbuck  19841  on  the 

performance  of  burled  plastic  membrane  linings,  primarily  0. d5-mi 1-thlck  PVC, 
used  ‘■'or  seepage  control  in  Bureau  irrigation  canals.  Samples  from  nine  canal 
in'Jt  a  1 a  1 1  ons  ranging  in  service  life  from  i  to  19  vears  were  evaluated. 

of  t;,-'  stud'.'  indicate  that  plastic  lini'ngs  are  providing  satisfactory 
service  for  seepage  control  and  are  viable  alternatives  in  areas  not  suitable 
f  t  .■■'rerpre  or  compacted  earth  linings.  Results  of  the  studv  indicated  that 
somie  :‘‘'fnine  o'-'  the  PVf  has  occurred  with  time.  This  stiffening  or  aging 
i-  caused  1".  the  ro-'  t' 1  a  s  t  i  c  i  ze  r ,  the  aeenf  used  in  the  m.anufacturlng  of 

the  lin'oc  to  jt-mart  f  1  e:-.  i  r  i  1  i  t  v  .  The  rate  of  this  aging  is  nriniarllv 

h.U'e-de'  t  t're-.  factors; 

Sc'urce  -  linings  originally  manuf c  tured  with  a  hig’:  plasti- 
ci-er  tent  exhibited  less  aging, 

b.  mc.'ation  -  samples  obtained  from  within  tho  Wittr  pris"-  e'-.'  'T'- 
it.,-d  less  aging  than  those  obtained  cut  side  the  i-'-i--’, 

.  Suhgr.ade  nreparation. 
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construcceii  the  test  sections  in  accordance  with  Bureau  speci¬ 
fications  and  using  Bureau-furnished  materials.  Based  on  the 
results  of  these  tests,  two  lining  systems  have  been  selected 
for  further  studv  in  an  operating  canal  on  the  Kakhovka  Project 
in  the  rkrnine.  Ihe  two  systems  are  a  10-mil  PVC  with  a  con¬ 
crete  cover  and  a  I’O-niil  polyolefin  lining  with  a  concrete 
cover . 

c.  i  n  St  a  1  la  t  i  I'n  of  a  PF  and  a  PVO  study  section  on  the  Amarillo 

Canal,  h'avajo  Indian  Irrigation  Projec':,  New  Mexico.  Included 
in  the  studv  will  be  determination  of  the  performance  of 
■several  different  protective  earth  cover  materials.  Special 
.seepage  monitoring  stations  were  also  Installed  to  determine 
the  ef  1  ect ivenes.s  of  the  plastic  linings  for  seepage  control. 

An  interim  report  (Krtipin  et  al.  1982)  was  prepared,  summarizing  the  joint 

studies  to  date. 


Dam  and  Reservoir  Applications 


General 


!4.  The  Bureau  has  been  involved  in  three  major  projects  using  flexible 
merrbrai'.e  I’ninss;  The  Kualapuu  Reservoir,  Molokai  Pr'oject,  Hawaii,  the 
Mt.  Filbert  Forebav  Reservoir,  Frvingpan-Arkansas  Project,  Colorado,  and  the 
Fan  Junto  Reservoir,  Central  Valley  Project,  California. 

K'ua  lapuvi  Reservoir 

11.  The  Kualapuu  Reservoir,  built  during  19h8-19h9,  is  the  principal 
storage  ‘acilitv  for  the  Molokai  Project,  Hawaii.  This  is  a  State  venture 
that  is  federal  "Iv  funded  in  part  under  the  Small  Reclamation  Projects  Act  of 
!'■' V  .  'rho  storage  capacitv  of  the  reservoir  is  4,10(1  arre-ft,  with  a  maximum 
h<-''d  or  1()  ft  IChuck  1970). 

1  i  .  Sint,'  onsite  clav  materials  were  borderline  in  regard  to  ScOtisfac- 
f-or"  'Popage  control,  a  nvlon-reinforced  hutvl  runner  lining  wnn 

instai’.'d  in  the  resor-nir  to  control  seepage.  The  Bureau  provided  technical 
,  :.t  a-:.  •  fi"-  rh^'-  |tT-.,rre  inr- 1  a  1  1  a  1 1  on  . 

!  .  "creau  ''V'  ' 'i.t- ,  a  r  i  fui  and  ^'a  i  n  t  eciaTice  1  personnel  have  made  periodic 

::  r.in  t  T  •,  ‘  f'  e  reser\'i-ir.  Ihe'.  reporr  that  oci  asional  repairs  of  the 

‘  '.-I  ■'  rt-M!;-’-',  a;  n  rMf  im- t  ;  ep  materia!  has  fen''  phnio’  a; 

t  h V  o  .  r-  ■  ;  -  ,  .  r  .i-i”  ao>  T  v  w  i  T’  *  , ! O' '  wavp  action. 


t 
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Mt .  Kil)ert  Reservoir 


IS.  General.  During  tlie  summer  of  1980,  Che  Bureau  installed  290  acres 
oi  a  ilexible  membrane  lining  in  Mt .  Elbert  Eoreba>’  Reservoir  (Morrison, 
et  ai.  19821.  The  reservoir,  part  of  the  Mt .  Elbert  pumped-storage  facility, 
IS  situated  on  the  north  shore  of  picturesque  Twin  Lakes  located  in  L.ake 
bourtv  approximately  15  miles  southwest  of  Leadvillc,  Colorado. 

19.  The  reservoir  impounds  11,530  acre-ft  of  water  of  which 

7 ,  !  ti(l  acre-tc  is  used  to  develop  200,000  kw  of  electrical  power  during  peak 
deuiard .  Two  L38,000-hp  hydroelectric  turbine-generators  are  used  to  generate 
the  power.  These  generators  have  also  been  designed  to  operate  as  170,000-hp 
motors  to  drive  the  turbines  in  reverse  to  pump  the  water  from  Twin  Lakes, 
back  to  the  forebay  reservoir  during  nonpeak  hours. 

20.  The  installation  at  Mt.  Elbert  constitutes  the  world's  largest 

s  ing  le-ct.  i  ,1.  flexible  membrane  lining  application  to  date,  arid  it  is  the  first 
that  such  a  material  has  been  u.sed  in  a  pumped-storage  reservoir  for 
copage  control.  Also,  to  meet  Che  Bureau  deadline  ol  j'uly  1,  1981,  for  power 
n-line,  the  installation  had  to  be  accomplished  in  one  construction  season  to 
.•il.l.iw  suflioient  time  to  fill  the  reservoir  and  conduct  acceptance  tests  on 
ti'c-  wenernting  units  and  other  accessory  equipment. 

21.  lire  membrane  lining  was  installed  under  Bureau  Specif ic.nti ons 

To.  l)C-7-t!8.  (Ireen  Construction  Company  of  Des  Moines,  Iowa,  was  awarded  the 
contract  on  p r  1 1  16,  1960,  and  installation  of  the  membrane  was  completed  ua 

Septerber'  20,  1980.  The  B.  F,  Goodrich  Company  of  Akron,  Ohio,  was  the  sub- 

’...ot,  t  r  ac  tor  wlnj  iurnislivd  .'ind  installed  the  membrane  lining.  The  cost  of  the 
vor'e  is  si'.own  below: 


_  J_t  eni _ 

iota  L 

fur  1:  J  si:  one!  i  ns  t  a  '  1 
v.embr/i’ie  1  j  nlng 


Engineer  '  s 
estimate 

520,566,000 

$10. 160,000 

($0. 80/ft") 


Rid 

price 

$1 7,884,170 
$  8,712,200 
(SO. 686/ft ") 


Ll' '(Lib  te  se  rvo  ft  .  A'  an  elevation  of  9,645  it,  the  iorehay  reser- 
.lir  IS  os  p  ro;-.  i  m.i  t,  e  1  y  pjp  ft  .I'ujve  tlie  Mt  .  Elbert  pumped-storage  power  plant. 

O  '  o’;','!  of  r  So  w.'ter  used  l^r  []ower  generiition  must  be  pumped  into  the 


t'l  rebav  resevvrir  t  rom  lower  Twin  !..ikeb,  one  ol  a  pair  ot  glacial-age  lakes. 
Ihe  capacity  ct  toe  lakoa  has  Teen  increaocii  i-y  construction  oi  an  err.bankmen t 
dan!  at  the  outlet  end  of  t!ie  Lower  lake.  Additional  water  tor  power  produc¬ 
tion  coii'C'^  f  !\.i!  the  western  slope  of  the  Continental  Divide.  The  north  side 
dtii  stnith.  sict-  Collection  Systeir.  on  the  we.stern  slope  collects  runoi:  I  rom 
snowme  i  t  o.bove  I0,t)00  tt.  The  water  is  brnigiit  tL!  the  eastern  slope  via  tun¬ 
nel  to  Tnrcuotse  Keservoir  where  it  is  b.eld  in  tecipo.rnry  storage  until  ct;- 
veved  t.'it'.ucli  the  1 U .  c-ni  le- i  ong  Mt  .  Tibeit  conduit  tc'  tiie  iorebat  leservoir. 

ci.  The  lote'o-av  reservoir  has  a  ourtace  area  ot  d9()  a.cres  at  ai!  eleva¬ 
tion.  o;  'o.'.a:).;  :t,  the  top  ol  active  conservation  capac.itv.  The  li.ininium 
ope  r.it  1  water  .surface  is  at  an  eiev.it  iin  ct  9,611'  it.  Adjacent  to  the 
per  edge  o tl;e  glscit.i  scoured  valley  now  occupieil  by  Twin  lakes  keservoir, 
the  :  Clad  reservoir  occupien.  .i  forirer  top'-graphic  depre.sslon.  The  resecvc'ir 
was  in  '9/fj-;9’7  by  con.s  t  rue  t  ing  a  .‘n.alJ  dike  i  i;  the  ope:,  southwest  cor¬ 

ner  ol  the  depression  and  a  90-it-high  no!!ed  earth  embankment  .icross  the  open. 

I  I  b.  :-,idv  .  the  e.irlh  mateiials  in  th,e  iloor  and  sides  the  depres.sion  var¬ 
ied  :  r  sandy  ;  ]  to  pervious  sands  and  gravel:,.  The  depression  Wos 
ie.-liaped  t  '  prc'.ide  a  bottom  ..hape  suit.ible  for  plat  orient  oi  a  .c-i  t-thick 
earth  liner. 

J9.  Ttie  earti;  lining  e.xtended  up  the  sides  of  the  reservoir  to  an  ele- 
vat;!'!'  .11  '  II  above  maxlmurr  water  suriato.  In-place  testing  oi  the  earth 
liner  indicated  tliat  f'ne  perTae.ab i  1 1 ty  oi  the  earth  lining  was  in  the  range  of 
1  .  ('  t  "  .  h  It  per  >  ear  . 

k  'Ce:  was  introduced  into  the  i.irebay  to  a  depth  of  23  it  during 
ih,  period  h.c'.erher  19"'  thrivjgh  .'■'arch  I'llS.  Water  levels  in  several  of  rl’.e 
p  i  1  ..  ,.ind  .ibs(  rvat  ion  wells  loc:ated  in  the  valley  side  be,.ween  the  fore- 

h.o  erv.  ir  and  tb.e  p.jwer  plant  began  to  rise  shortly  after  completici.  of 

i  n .  ,  ;  t  irodn.  licn  or  water  into  the  forebay.  By  the  suirarer  of  1979,  tire 

wi‘tt  el  hid  r  i.te;.  over  6  ii  i  ;i  one  well  and  9  to  6  ft  in  several  others, 

t  '  •  ■  r  :!oL  eitin-r  responded  ot'  experienced  water  level 

;  1'  ‘  -r  ..  'nliru,  as  rise  e  :^pe  r  i  enc  e .!  in  .oir.e  'Weils  was  considered  t..  I'e 

■  .  ,  t'lf  :  'ireh.:}.  ratl:.o  llui;,  .  vclical  d.ange.s  jn  the 

.  .  i  >  ■- f  i  . 

'  .  /■  '  o!.:  . . I  !  ..  i  th  'i  land  yes'  I'.idsLide  '.c.irj'  hid  o:: 

■  i  ,  ■  i  c..i  ii-  r  i-v,  t  jt  U  i  .  i  .a;.: 

,  '■  (  r  pis'.  ,  :  e  1 1  -i ' >  i  !  :  t  nia  I  y  ae:,  :  c  r  t  Ic  va  1  1  •  5'  i  vie  e  :  ;  i  r  :  ■  cc.e  i  ,  nd 


Che  stability  was  found  to  be  marginal  for  conserVciCive  strength  parameters 


and  saturated  conditions.  'c  appeared,  therefore,  tiu-;t  e’t- 


water  Lcr  influ¬ 


ence  stability  ot  tiie  vaiit)  side  couid  possibly  .-.eep  through  tlie  compacted 
earth  lining.  ihc  decision  to  line  tlie  forebay  with  an  irpenaeabie  membrane 
wa.->  made  in  August  19  7''*. 

17.  !i  art  irwo  r  k .  A  major  portion  of  the  c<uis  c  rue  t  ion  mtivitie.s  for 
installing  the  membrane  lining  at  Mt.  Elbert  involved  Vcirious  types  of  earth¬ 
work.  For  example,  before  installing  tire  membrane  lining,  the  following 
earthwork  !iad  to  he  accomplished: 

a.  keraoving  and  stockpiling  existing  riprap  an.d  other  slope  pro¬ 
tection  material  (coarse  gravel  and  quarry  reject  material) 
placed  to  protect  the  existing  earth  Iii:er  trom  erosion. 

b.  Lxcavn.ting  and  processing  the  top  2  ft  of  the  existing  zone  1 
earth  lining  to  obtain  earth  material  for  membrane  subgrade  and 
earth  cover.  The  e;-;cavated  material  was  screened  to  remove  all 
particles  larger  than  1  in.  in  size.  The  plus  1-in.  fraction 
was  later  i:iC('rporated  into  gravel  slope  protection  material 
placed  upon  th.e  earth  cover. 

c.  Excavating  bedding  material  lor  the  riprap.  This  material  was 
obtained  from  the  Sinclair  aggregate  source  located  northwest 
of  the  Mt  .  r.lb'Tt  power  plant.  Existing  bedding  was  later 
reused  as  part  of  the  gravel  slope  protection. 

d.  Fl.ic Cening  the  re.servoir  side  slopes  were  required  to  3:1  or 
less.  This  wcjrk  was  performed  based  on  discussions  with  vari¬ 
ous  membrane  lining  manufacturers  who  ir.aic.ited  that  the  side 
sU'pes  should  be  no  steeper  than  3:1  in  order  to  facilitate 
earth  cover  placciienc  and  to  iitprove  the  stability  of  the  cover 
or  tlie  siuipes. 

e.  Subgr.ide  preparation.  Since  the  meinbrain?  lining  required  a 
very  smoc'th  subgrade,  considerable  time  and  effort  were  spent 
on  this  work.  To  seive  as  a  bedding  lor  the  lining,  previously 
pr(.)cessed  eartli  material  was  placed  and  comparted  to  a  minimum 
of  h  in.  ii  depth.  Fcir  compaction  and  to  obtain  a  smooth  sur- 
la;e,  two  ['■isses  <'l  a  pneunic  t  ic-’’ i  red  r-'ller  iolicwed  by  tw^o 
pas.jes  wirli  a  vibrat'ory  steel  roller  provided  satisfactory 
results.  Hand  labor  was  used  to  remove  loose  gravel  or  other 
mate:  i.ils  whirh  riuild  puncture  tiie  membr  a.ue . 

A!  ter  the  membrane  lii'ing  was  in.stailed,  the  'cil  lowing  t\pes  ol 
::  iteriai  Were  pl;n;ed  fe  j'ri'te.-t:  tiie  r.emhrane  t  rimi  weatlie';' 'V'g .  \andalism. 


ill  iir...  i  t  I'.i :  t  i  c  ,  ill.-  ae  t  i  •on 


in'  r..j  ’  e !  j  a  1 


ti  I'tevide  eixjsi  'a  protect  ii  u  t-n  the 


'd  i  nr  1  iiv'eil  : 


■J 

V 


Material 

Depth  (ft) 

Quantity 

Earth  cover 

1.5 

720,00  vd^ 

Coarse  gravel  slope 
pi otection 

0.5 

108, OOu  tons 

Quarry  reject 

1.0 

58,000  tons 

Redding  tor  riprap 

1  .0 

91 ,000  tons 

Riprap 

2.0 

108,000  ton.s 

J',‘.  protect  the  membrane  from  mechanical  damage  during  construction, 

vel'iir  lec  were  not  allowed  to  operate  directly  on  the  lining.  Consequently, 
the  processed  earth  cover  material  initially  was  dumped  at  the  edge  of  the 
iiiiip.g  and  tl.treatter  spread  over  the  membrane  by  dozers.  A  minimum  18-in. 
ucptli  oi  earth  cover  was  maintained  between  the  lining  and  the  equipment  dur- 
i:ie  the  jpreadir.g  operation.  Earth  cover  compaction  of  about  95  percent  of 
laboratory  standard  density  was  achieved  solely  by  equipment  traffic. 

30.  For  placement  on  the  side  slopes,  the  earth  cover  was  spread  from 
the  hot  com  toward  the  top  of  slope,  again  maintaining  the  aforementioned  earth 
cu'jhiun. 

31.  Membrane  lining.  The  specifications  provided  alternate  bidding 
schedules  for  installation  of  any  one  of  three  lining  materials.  These 
included  45-mil  R  CSPE  (roiniorced  chlorosulfonated  polyethylene),  45-mil  CPER 
(reinforced  chlorinated  polyethylene),  and  80-mil  HDPE.  The  contractor 
selected  CPEK, 

34.  CPER  lining  material  is  of  three-layer  construction  consisting  of 
two  equal  tiiicknesses  ol  CPK  laminated  to  one  layer  of  10  by  10,  1  , Ot’iO-denier 
polvester  Sfrini.  The  physical  properties  requirements  for  this  lining  are 
given  in  Table  1. 

33,  The  lining  was  factory  fabricated  into  "blankets,"  each 
li.ihh)  sq  ft  in  size  and  weighing  approximately  5,000  lb.  Two  shapes  ol 
iilar.Kets  were  f  urn  i  .-.hed :  2C0  by  70  ft,  containing  14  factory  seams  made  with 

a  leister  !:ot  air  gun;  and  100  by  140  ft,  containing  29  factory  saa.n.,  ma.e 
d  i  ei  ec  c  li  ca  1  I  y  .  The  latter  shape  was  selected  primarily  for  1  ra,  t  a  1  1  a  t  ion  (ui 
tiie  side  .slopes.  For  delivery  to  the  Jobsite,  the  blankets  were  accerdiom- 
foldeJ,  rolled,  palletized,  and  transported  via  commercial  truck.  Appnxi- 
matel',  Pid  blankets  were  installed  in  the  frri-h.i.-  retervoir. 


'-ji  *..•  \m  mV  a  ■  jiV»x  >  •  AW  WW.  A-V 


V..  To  insfaiT  the  membrane  lining,  a  crew  ui  18  to  20  laborers  was 
used  to  untold  and  position  the  blankets.  Adjticent  blankets  were  overlapped  a 
f.inintur  or  o  ii..,  the  contact  surfaces  thorouglil_\-  cleaned  with  t  r  ich.  loroe  t  hy- 
.ene  solvent,  and  the  n:anuf acturer ' s  bodied-solvent  CPF  adhesive  applied  a 
n.init.ut:  wultt.  of  ■'*  in.  The  lield  seams  were  then  hand  rolled  and  allowed  to 
cure  beiore  air  testing  to  detect  any  weak  or  unbonded  areas.  Compressed  air 
at  i)ii  jsi,  supplieu  througii  a  2/lb-in.  noitzle,  was  used  tor  c'ais  test.  In 
addition  to  air  resting,  visuaj  in.spection  of  all  bla!;lets  and  seams  was 
pertormod  bv  .Bureau  inspectors. 

J5.  After  tiie  fie.'.d  seams  were  tested  and  aiJproved,  a  .:ap  strip  was 
applied.  !he  cap  strip  consisted  oi  a  i-in.-wide,  lO-mi 1-thick  unsupported 
i.;':  b.indea  over  the  lield  seam. 

jb.  To  ^h.eck  the  stam.ing  method  and  integrity  ot  the  resultant  seams 
this  i  :;s t u 1  la t i on  involved  approximatelt  5v  miles  oi  lield  seams),  the  fol- 
louini’  .samples  were  taken  daily; 

a.  t’r.e  h;.  .1-1  t  cutout  sample  taken  rnridomly . 

b.  A  lield,  fi-bricated  sample  for  every  1,00(1  ft  of  field  seams 
made.  These  samples  were  prepared  by  having  the  seaming  crews 
Soam,  two  1-  by  2-ft  pieces  of  similar  n;aterial  so  that  the  com¬ 
pleted  .seamed  sample  was  1.5  by  2  ft  in  size. 

both,  peel  and  sh.ear  tests  were  conducted  on  the  samples  to  monitor  and  deter¬ 
mine  th.e  integrity  of  the  field  seams. 

-i  /  .  For  i  ns  t  a  1  la  t  i  tm  on  t'ne  side  slopes,  an  anch.or  trench  1  ft  wide  by 
.1.5  '  t  in  dcptii  was  excava.ted  at  the  top  of  the  slope  to  hold  the  lining  in 
p'.ac-j.  ihe  linii!;',  was  placed  down  and  across  the  bottom  of  the  trench.  It 
was  tlien  T-uckiilled  and  compactea. 

•8.  The  upstream  face  ot  the  forebay  dam  was  not  lined.  The  membrane 
lining  was  terminatoci  in.  an  anchctr  t  rench  in  zone  1  material  at  the  toe  of  the 
i  :; ‘’apb'nen  1  dan,.  Thi.s  trench  was  b  jfPi^ilTed  with  compacted  zone  i  material. 

39.  (lunlity  contto.'  program.  An  extensive  qualit}.  control  program  was 
cor.viucted  in  conjunction  with  the  Mt  .  l.Jbert  install  l.ation .  The  procedures 
imp  '  erran  r  ed  t  oi  thi-  program  ii'cLuded: 

1.  Rcj,  Lt'ing  lilt  .  r  r.'u  t<‘i  ti  suTimit  tor  opprova.1  certiiied  labo- 
r.’torv  test  v.-.-orts  on  the  physical  p-operties  listed  in 
.a.ile  !  tor  f.o'h  dav'.'t  production  of  tl'e  A'Pi/K  roll  good.s  before 
t'.ibr  i  •' a  t  i  tti...-  btianbets. 

I- .  ficklv  vi.  if;  1 1'  flic  t  lb  1  i  c.'i  t  i  on  pl.nt.s  by  Hu?  tsiu  resident 
i'lspoi  t'  •  ti  ;  ew  .ii.u  ;..tnit'’;  rpa  t  r,  i  '  y:  ^i,,m;ng  r.ie  thoii  s  . 


these  visits,  th--y  also  .indited  the  shear  test  results 
:  1  r  1  :u.- 1  or;,  seams  . 

I  .  .  h  t  i  r. :  iig  tile  satnples  tor  ever>  It'th  blanket  lor  testing  and 

at  ti,e  Bureau'.-;  1  abi'r.ito r v  in  Denver. 

d.  i  r  !  f'se  ti'.stie.t  all  lactorv  and  field  seams  (invt'lving 

i .!  (•  I  ox  i  n.a  t  e  1  V  milos  e'l  seams'*. 

e.  .i.iily  .e.impling  .ind  testing  of  lleld  se-ams,  and  visual  inspec- 
tii  a,  prev i^)u.s  1 V  described  under  the  section  pertaining  Co  the 
i",f''.h  e  . 

->o.  ie  r  :.ecj.J^on.  Included  in  tile  spec  ifioat  ions  for  this  work  was  a 

.1  ; t  enaUi  V  warra.nty  period  on  the  membrane  lining.  io  monitor  the 
per;  ’r;;.j.:‘.ce  oi  the  lining  during  the  warranty  period  and  tor  long-term 
1 1  :  e.ircli  pur;  o.-jos,  a  dO-  bv  lOO-ft  test  section  was  installed  in  the  southwest 
error  •  t  re  reservoir. 

-t  1  .  iiiis  b'Cati.'r  wes  selected  to  allow  easy  lotrieval  oi  the  samples 
i.rcrvals  o'.'ev  i  period  oi  ve.ars .  The  test  lining  was  placed  on  a  cushion 
of  "-and  .di'C've  ari  separate  trot,  the  main  lining,  Lhu.s  precluding  the  need  to 
k.u:  .iii.f  ;  at  'll  t:ic  actua,'.  lining  to  .thtain  .samples. 

sJ.  lie  i  ini;  at  ions  of  the  test  sectior;  ate  that  the  reservoir  water 
will  havt  acecs.-s  to  both  siaes  cl  the  test  membrane,  and  the  actual  effects  of 
stresses  introduced  into  the  reservoir  lining  during  installation  and  opera- 
tier.  will  ntn  be  reflex  tti.1  except  for  t'reeze-thaw  cycling.  Al.sn,  the  effects 
'f  hvdrostatic  pressure  present  in  deep  parts  tii  the  reservoir  will  not  be 

t-'  ’/  i  Li  I'i  t . 

m3.  The  test  section  was  field  fabricated  into  r  ne  largo  sheet  .and  then 
cu'  into  il  .-.epm.ife  sectltns  for  periotlis  uimplin.g..  l-ach  sectii'ii  contains 
both  tvpe.)  ot  l.j^tMirv  .’ear,:;,  ar.d  liiid  seam:-,  both  e'api'ed  anj  '.;nc. ipi'ec  . 

;  h-.'  p'n>'sieai  property  tests  lir.ted  hel  'V  are  bti’ig  used  to  monitor 
the  1  ii.u'.ge.-,  .M  the  lining.  These  tests  include; 

.1.  Hvurost.itlc  resi.siance  using  the  .Mullen  hurst  t.-f.aTM:  b-'  I, 

Hie  t  hod  A  !  . 

;  .  i  .u'.ist.ii  ic  puncture  i  esistanci'  u.'-.ing  tiu  Hu;a  .  .  .^  i  ...  ;  : 

ai’d  rta-'.dard  su'.ig  ;'.a..le  . 

'  ,;,iae-  ion  ' 'M ;  D-dii  1,  .'lachine  netlu'd,  tviie  '  . 

.-.ii  :  I.  •- i  r  t  .O',  e  .\SiM;  tong'.e  'ear,  netloo.  . 

..-'ei  ner.iiuro-  bird  tes’:  (.-X.BTM; 


D-d  1 3h  )  . 


“or  t''!e  ^eams,  rhe  tol’owlne  tests  are  telnr  rondurted: 


strength  ir  shear  'ASTV:  I’-’S 
o :  '  F  standard  Vc.  'i  * ,  "Flevih.Je  >; 

'.'isfinher  I  Os  s  ^ 

SeaT,  st'^oneth  in  peel  lAsTM:  I'-ii  ’ 
s'"  '.'d'  ^•.fandard  N'e.  sai. 

les  have  h,>,)n  re  t  "■  1  eVfd  'P  a  '^eariv 

A  reni'rr  is  nev  heiri,  I'cepare.'  s 


1  as  r.i'dlfied  i"  .Append  i>:  A 
fTi'i  r.P'e  1  Inipps/'  dated 

a.’  T'^d  i i  ed  in  Append  iy  A 

•■.‘“-’■s  (hirlnp  the  a-ve.'iT 
nr  Pin  r  i  i  np  the  results  o‘' 


the  1  ah  >  r  ■  r  ci  r  v  test  .  . 

.s.a.n  Inst.'  ''pserveir 

a”.  ‘h.-  'pste  F’e<t.*voir  is  located  5..-  rriles  southwest  o*  Hollister, 

Fa  1  i  t  (■' n"  i  ca  .  A'hea  corpleted  in  the  tall  of  !‘'.s'p^  the  reset  vi'ir  will  irrpound 


r 

\ 


;prro\ IrTiate  i  V  o  a-.-rf-l't  water  tor  mur.uipal  and  irripation  purposes 

vh-lch  ir'l'ides  r- a  acre-*t  ''or  ‘'loi'd  .ontn,.!  ptirposes  'h  pan  i  ewic  7,  lH8h1. 

Ilie  reset’a'ir  will  heroii'p  an  oif-sfre.arn  reptilatinp  facility  that 
will  ’-■e  -  ’clcised  h\'  tw<  earthfi''’  emhankmeii t s  on  the  west  fda;n)  and  north 
'the'  ..  ’  e.s-p  r"o  i  r  .  I'he  reseevi.''ir  will  he  tilled  and  releases  wil 

'^e  ;;.a  a.  h  ■  .it;  i  n  1  e  r -oti  1 1  e  t  works-  located  in  a  tunnel  throuph  the  east  side  of 
the  V,.  cr-.-oir.  At:  etrcrpencv  sp-|;  iw.nv  is  located  near  this  structure  and  is 
pr-"-i,.ed  r  r  i  c  t;  ’ i  puard  attainst  overfilline  of  the  reservoir. 

*u.  eteea''  larce  heds  of  olet-p  sand  are  located  witlnr.  the  reservoir 
sit-'.  addit'or-!  r-p  loss  of  water,  the  increased  seepaue  thr'''i:ph  rhe  sand 

hel-'  -  '•!  i  ip;  -ec.-te  th.e  p-'tei.tia’  for  landfi'iides  ori  t’u?  d.i'wnst  recPtr  portions  o 

'ttrura’  1  li'fete.s  which  enclose  the  reservoir.  ronsenttert  1  v ,  the  decision  was 


".ade  to  int-t.a!i  a  flexible  njembrane  linipp  over  sloping  portions  of  the  reser 
:  '•‘liPiPE  rf'P  ir^pervious  sand  heds.  in  flatter  .ireas  where  natural 
1  rpe  rv  Ml  s  s'- 1  ’  covers  the  sandheds,  a  ■supplemental  H- f  r  -  fml  n  imutn  1  thick 
p  r  t  i:  f  1  '  i  hi, -inker  o;  r’''\'  was  placed  In  lieu  of  the  niembraiip  lininp. 

■■'  .  Fpver.al  tvpcs  of  K“l, ' s  were  included  as  optii'ns  in  the  specifica- 
t  i  n  F  sj-;  !up,t,l.  phe  ccntractc.r  se-ected  the  ai'-mil  hl’l’K-A  fhl  pb-dens  i  tv 
to  ’  ■  I  p-ic  e  i  .'ist'^'et  if  allov)  flexible  membrane  lining. 

A:'r-rrv'' i  r  '  t  e  !  V  .h  .'.npo  sn  '-'d  n*'  th.is  Hl'l’F.-A  r.itcTial  was  installed 
'  r  ■■  w  i  »  h  1  n  the  rpser'.oi'r  site.  To  pidtect  tlu'  nit-rhrane  from  the 
'  ■  ■  :  '''‘I'ii.il  d.iir,  ut- .  ■-  soil  cover  was  placed  over  It.  The  protec- 

I  ■  ‘-f,,,  ,,t  -•  j I  earthlili  cover,  h  in.  o;  bedding 


In  Feoniarv  198(),  extensive  r.-iins  mused  some  slippni!?  of  the  pro¬ 
tective  cover  at  several  locations  resulting  in  approx i mat e 1 v  IS, 000  sq  yd  of 
linlnp  being  expcisetl.  Speriiicat  ions  I'SSK  lOFn’i  have  been  Issued  for  the 
repair  of  areas  damaged  from  th.e  slippage.  i'he  repair  work  is  scheduled  to  he 
completed  in  the  fa'i  of  I'lhh. 

K  e  e a r  c h  Ac  t  i  •  i  t  i  e  s 

S3.  '"0.6  Buiean  is  rurriu;  Iv  inv.  Iv-d  in  the  following  research 

•ic  t  ivi  t  i  os ; 

a.  Fvalu.atior  (it  e>pnsed  momhranc  Mi'ine.s  such  is  CPF,  Mvpalon, 
FFOM,  I'utvl,  !.-d  'd'l’F  lor  use  in  canal  lining  construction. 
These  materials  are  heiri  studied  .as  alternate.s  to  concrete  and 
buried  membrane  lining  .systems.  Two  sites  h.ave  been  identified 
for  1  e  1 0  testing.  These  incluue  the  Mii')  Can.al,  Fnconpatigre 
Froi^ct,  Ooloratit  ,  an'i  the  'A'h  i  t  e  Kock  Fxtension  Canal,  Courr- 
^  and  In  it,  Kansas.  The  pro'ects  have  indicated  an  interest  in 

р. roviding  lai-c-r  <ind  equipr.ent  If-  ii  stall  field  .study  .sections 

i’  lining’  material'  arui  technical  a.'.-s  1  s  t  anc  e  can  lie  prmrided  bv 
t  he  FiiK  (  enter  . 

h.  tvaluation  of  FM!,  to  cor.trol  h'drilla  and  other  aquatic  weeds. 

A  field  test  installation  was  nvide  in  August  of  1982  on  Wiste¬ 
ria  I.ateral  Six,  Imperial  Valley  lrrig,atlon  District,  Califor¬ 
nia.  This  test  installation  will  provide  an  opportunltv  to 
study  shading  techniques  tor  controlling  hydrilla  weeds.  lim¬ 
ited  studies  conducted  by  the  I'SDA  (FS  Depa'-tment  of  Agricul- 
tiirel  using  T-mil  i.DPF,  showed  promise. 

c.  Fvaluarion  of  h(ittom-onlv  lining  for  seepage  control  in  irriga¬ 
tion  canals.  flerults  o*'  recent  .studies  ('o  the  use  oi  bottom- 
onlv  membrane  lining.  Indicate  this  rav  l-a  an  effective  low-cost 
met'r.o.i  a;-  reducing  aaual  seepage  ■'i-  'oessial  soils.  in  tlv'se 
studies,  conducted  on  the  Farwell  I'nit  in  N'eFaaska,  a  I'cduction 
rf  5.';  percent  in  seepage  was  obtaiTied  when  10-mil  i’V^’  lining 
was  installed  in  the  canal  Inve-t.  .Additional  studies  are 
needed  to  verifv  the  results  <and  develop  guideline.^  for  design 

.  nd  ionst  ruct  ion  assorinted  with  this  tvpe  o*"  r'om'brane  lining 
a  p  p  1  i  c  n  t  i  c  11 . 

d.  Fvaluation  of  FT',  for  use  in  *^he  const'uct  :  on  cr  ecn.  cenev  .ir 
ci.ixi  1  iar'.’  spillwav.s  on  earti.  vinms  .and  canal  wa.'-ttwavs.  i,;l 
ohiccti’.'o  of  this  .st'idv  tr  give  a  preliminar-  as.nessment  of 
tne  concert.  Tf  fca.sib.''.  .  fhi  .  appr'-ich  could  !e;ui  to  a  Icw- 
(ost  method  ft  providinn  the  -idd  1  '  i  ('ii-n.  1  (.mergi-rcv  ;cill’wrn. 

с, ''pac  i  tv  .  'i’he  ,'urrcnt  srud'  is  limited  to  '' ow  lea-.t,  loncrlti- 
cal,  farvi  emb-ankm*  n  s  .  A  i  i  e  1  d  In’.tal  1  at  ;  or  at  ottonwoc'd 

b'o .  b  I'am,  <dl  bran  Proi“c'  .  '''''oraio,  :  is  bp.jn  ir'i’^u-ted  in 
connectio.i  with,  the  oppf,t.-,,  r  c  c  oti  .s  t  rui  t  i  r  of  the  ..1  •  ,nid 
splllwa'.’  n  i  mb  1  i  n  I'u-:'/), 


i 


•  >  v'l ; 


Future  Work 


Ac  rni-f  (1  •'  the  nu'd  i  r  i  cat  "I  on  wor’^.  at  i'actiila  PIck-SInnn 

:-in  Frot’r'n',  KapiJ  Vailev  I'nlt,  Sontl!  I'akota,  the  evicting  dam  and 

a  t''e  left  ahntcont  will  he  raised  la  tf  ehrve  the-  nresent  crest. 


e<i  dam  i.'l  '  1  havt  i  maxir’.ur  strvict-'rai  he'eht  c; 


'  t  and  a 


■e.,:  length.  ’::je  completed  dikes  wil'  ha.'-p  a  o-irhined  crest  length 
-.■■isinc  th.-  eT.hankr-e-' t  wil!  ini  :  la'e  tlie  installation  of  a  flexi- 


.  ■nice  w  t  t '  I  a  c 


ind  rock ‘  ! 


•:I>e  1  V  i  o-as  !  i 


ceotextili  lacking  and  the  " !  ac  c-ment  cf  processed 
.  ’  .’ories.  The  purpose  ot  the  lining  is  ttj  reduce 


n  --ri;  is  n-iw  being  considered  as  the  waterproofing 

t: I  elevif  r  shaft  to  he  cimstructed  as  part  of  the  new  visitor 
■  L  hoover  ha'-’.  'h.is  tvpe  of  materi.'ii  has  been  used  in  tunnel  con- 


'AircT'e  'U’erco; 


The  installation  at  Hoover  will  be  the 


'  .  nst  pi  '.Stic  mem!  ranes  in  the  Kuceau's  canal  lining  work  con¬ 

tinues  to  increase.  Additional  Installations  are  planned  for  the  Garrison 
nit,  ■■ort);  nakot.i,  ar--  ’'rand  Val’ev  I'nit,  f'olorado.  The  latter  installation 
wil'  i'e  p.'irt  of  the  'olot'idri  Fiver  Basin  Salln'i'fv  Tontml  Proi'ecr. 
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Test  Method 


_ Property 

T  hickness  ,  in  .  , 
minimum 

Tear  strength,  lb, 
minimum 

Low  temperature 


Pimersional  stability, 
each  direction 
percent  change, 
maxi  mu  Hi 


Bonded  sear,  strength, 
lb,  minimium 


liyurostatic  resistance, 
Ib/in^,  minimum 

Breaking  strength, 
lb,  minimum 

Ply  adhesion,  Ib/in. 
width,  minimum 


Requirement 

0.041  ASTM  D-751 


75  A.5TM  D-751 

(tongue  method) 

Pass  ASTM  D-2136 

1/8  mandrel 
4  hours  at  -40°F 

2  ASTM  D-1204 

212°F,  1  hour 


Exceeds  that  ASTM  D-751 

of  parent  (modified) 

material 


300 


ASTM  D-751 
method  A 


200 


8 


ASTM  D-751 
grab  method 

ASTM  D-413 

machine  method, 
type  A 


Rl-J'IKbiAL  DR.\;NA(_;i:;  MEA.S'JRr.li 
WiilLer  C; .  Sherman,  Jr. 
'lulane  I  n  iversity 


i nt  rodnct ion 

L.  Earth  dams  subjected  to  det  erior;it  ic>n  a.s  a  result  of  percolation 
and, or  internal  erosion  must  be  satepuarded  by  prompt  and  effective  remedial 
iiieasurc'-'.  Ttiest  measures  for  the  most  part  involve  either  i  mpermeab  il  izat  ion 
(water  tjgJitenin^)  or  drainage. 

'ihe  use  of  embankment  and  toundation  drainage  to  provide  for  tlie 
I ontrol J ec  exit  of  seepage  has  Jong  beeii  an  established  practice  on  Corps  of 
engineers  {('A.)  dams.  The  type  and  e.xter.t  of  the  seepage  control  measures 
employed  varv  widely  depending  not  only  on  site  specific  conditions  but  alsi' 
on  the  age  of  the  dam.  kemedial  measures  usually  consist  of  restoring  or 
replacing  e.xisting  drainage  facilities  which  are  considered  inadequate  or  pro¬ 
viding  new  drainage  facilities  wJien  necessary.  With  respect  to  foundation 
seepage,  new  facilities  may  include  drainage  trenches,  relief  wells,  or  per¬ 
vious  berms.  New  drainage  facilities  to  handle  embankment  seepage  may  include 
vertical  chimney  drains,  drain  wells  connecting  to  existing  horizontal  drain¬ 
age  blankets,  new  outlets,  or  addition  of  drainage  on  the  downstream  slope. 

All  drainage  measures  result  in  shortened  seepage  paths  which  result  in  a  usu¬ 
ally  slight  increase  in  the  quantltv  of  underseepage. 

3.  In  a  recent  repor  published  by  the  International  Commission 

on  Large  'Jams,  a  review  was  made  ot  various  remedial  measures  apjilied  in  the 
case  of  earth  dams  subjected  to  deterioration  because  of  seepage  and, 'or  inter¬ 
nal  erosion.  Where  the  problems  related  to  the  foundation  (131  cases), 

percent  of  the  casef;  involved  some  type  of  impermeabil i i at  ion  such  as  cut- 
otf  walls  a:id  grouting,  and  31  percent  of  the  cases  involved  drainage.  Sim¬ 
ilarly,  wiiero  the  problems  rel.ated  to  the  embankment  (137  cases)  23  percent 
involved  imps  rmeab  i  1  i  zat  ion  and  19  peicent  Involved  drainage.  i,1n  the  b.isis  of 
tlie  above,  it  apjjears  that  drainagi*  and  Impermeab  i  1  iza  t  i  on  measure.^  are  ol 
approximately  equal  importance  as  remedial  measures. 

4.  Ihe  subject  report  deals  with  new  and  innovative  Ttmedial  diai'.age 
measures  tor  earth  dams  and  their  earth  ioundations  wiien  subjected  !<>  deteru'- 
ralion  by  seepage  and/or  internal  erositan. 


•if 


Foundation  Drainage 


1 : e :  we ] 1 s 

.  i'or  darr's  foinnied  on  permeable  foundation  strata,  control  c'f  under- 
~eep.-.ce  \nd  foundation  uplift  pressures  is  of  prime  importance.  ?n  manv 
c.ioc-'.  this  has  been  .accomplished  successfully  bv  the  use  of  pressure  relief 
v;t' 1  1  s  a.l  r.a  tlie  downstream  toe.  Most  permeable  foundations  tend  to  he  strati- 
:’iec'  with  the  permeahilitv  in  the  horizontal  direction  usual  manv  times 
cTu.  ate’'  thao  in  the  'vertical  direction.  Th.us  surface  drains  ave  aererallv 
i  r.e  ■  c- c  t  1  \'e  in  reducing  uplift  pressures  in  underlvins  foundation  strata. 

■  rossure  relief  wells  have  proven  to  he  verv  effectiv^e  in  the  case  of  deep 
afrati’ied  pervious  i'oundations  and  constitute  an  important  remedial  measure 
:■  it!’,, it  ions  'Ajhere  excessive  fcu.idation  uplift  pressures  (ie\'elnp  alone  tlie 

.  file  use  of  pressure  relief  wells  as  a  remedial  measure  cin  f'K  earth 
?'•  'ects  dates  from  194.1  when  wells  were  installed  at  ''ori-'  Peck  D,-jm.  Dur- 
irc  ‘':i:ini’  a  •’  ti.e  reser'/oir ,  piezometer.s  at  the  dowv’.s  t  r  earn  toe  i'^dicated  .in 
'ss  ad  of  ar  ivdt  43  ft  above  ground  surface.  A  large  =.and  iioil  also 
c  c.  e  1  ■  ve  i .  .‘•e’ief  w’e  1  1  s  were  im’  diately  installed,  and  the  piezomctric  pres- 
dropred  a’  siaon  as  the  first  few  v'e  1  1  s  were  put  into  operation. 

belief  ve  P  s  are  an  extreme]’.’  versatile  remedi.al  measure  offprinc 
t'”e  i’est  i-oans  of  ■'intercepting  seepage  in  deep  pervion‘  .aquifers.  The  use  of 
’'e!'-.'  wells  a.s  a  desicn  seepage  control  measure  on  levees  and  dams  is  well 
i-’st  ah  1  i  .shed  ,  and  c  cns  i  der.'h  1  e  experience  is  available  regarding,  the  design  .•’rd 
t .!  P  a  t  i  on  of  sucli  svstem.s.  Therefore,  the'-  represent  an  e'Tenent  remedial 
’’■pasti’-e  where  it  becomes  necessarv  to  control  underseepage . 

■h .  ■''bie  use  of  pressure  re  lie!'  wells  to  increase  the  rteahilitv  of  an 
•'■•■  !  ■■  r  1  TV.’  embankment  is  demonstrated  hv  the  experiences  at  Smith\’i!le  Dam 
desrrihed  hv  Walherp  et  al.  Because  of  uncertainties  regarding 

■T'h-a.rikme’-’S  ~t.abilit'.  at  high  pool  levels,  a  scries  c>  f  four  ■'•-in.-diam  we  P  s 
were  in-t  ’Ped  at  the  embankment  toe.  Ihimning  tlese  well.-  TC’ulted  in  a 
oT'  •  .  ftr-.c  dr,awd’’W’i  sufficieni  to  i  nc  r  e,a  .se  the  fa,"!or  of  safet’’  with  respect 
'■p.'inz  to  aoceptah  le  /alties.  '■’umiiirs-  the  wells,  wb’e’;  wi^uld  Iv  required 
'  '  ■-.•he!-  the  re',rr’  nfr  pi'ol  re-ached  a  certain  lev<;-l  ,  was  , ■  on s  1  d r. -e it  ^  h’ 

>•  'T’terin.  s.  ’luf-ion,.  A  svster  of  perrviuer't  relief  wells,  di-ol-arging 

■'.o 


'•j 


it'''  ti'liecttM  I'ii'e,  was  (lesl>;neci  provide  an  adequate  fartor  ot 


■  t  ‘or  .1  1 


u>  . :  t'  r’ s 


.’i-it  I  o '  !  ed  pr.ule  open  toe  trenches  of  various  types  arc  ronmnnlv 


errp  1 1  ’/eti  tit  I'ver  r<''und -wa  t  e  r  levels  at  emhankment  toes.  Porous  concrete 


slabs  wit'  or  with.out  an  underlvinp  filter  have  been  used  for  sha’low  depth 


trcn.i  ne.'- 


.irn  r;reater  depth  the  trench,  fs  filleii  with  filter  pravels.  V.'ith 


larve  .ir,  c  i  t' i  pa  t  o  d  !  1  ovs  ,  perforated  collector  pipes  wltii  tianh.oles  to  rerrit 


irsper  t  i  f’n  and  flow  Teasurements  rvav  lie  tmplovod. 


N  rtt'w-  trench  drain."  ,it  the  downst  ream  toe  of  trie  dam 


are  ♦ r  e - 


ruentlc  used  to  facilitate  the  escape  of  shallow  seepage  .aTiti  tc'  reduce  uplift 


re.ssures.  I'liev  .are  particularly  effective  in  preventing  s.atuntion  alc’ng  the 


dr'vnstream  toe.  Foe  drains  .ate  less  effective  in  cases  where-  the  foundation 


fie  tmea  h  i  1  i  t  V  increases  with  depth  or  where  the  founu-ttion  is  strati' red. 


1'.  Of  specia'  interest  is  the  case  where  the  downstream  foun.'ation 


trc.ta  are  overlain  bv  nn  imnervious  or  semi nervi ous  blarlet.  Trench,  drains 


e.'', r o.d i ng  throuah  the  blanket  offer  a  means  for  reducing  foundation  uplift 
pressures  providing  the  foundation  strata  are  not  too  pervious  or  highly 
stratified.  .Analytical  solutions  for  flow  quantities  and  downstream  uplift 
pressure  for  horizontal,  and  semicircular  trench  bottoms  are  shown  in  Figure  1. 
The  .solutions  for  a  two-layer  foundation  are  given  by  Barron  (  1953).  It  was 
found  for  cases  where  the  lower  pervious  layer  is  somewhat  more  pervious  than 
tl'.e  upper  nervious  layer,  the  efflciencv  of  the  drain  is  seriouslv  reduced. 

1.1.  U’hen  the  foundation  strata  are  semipervlous  and  no  topstratum  is 
pre.sei  t  ,  pactiallv  oenetrating  trench  di'alns  mav  he  employed  usiiallv  cornected 
with  the  horizontal  drainage  blanket  to  collect  .seepage.  Gradations  of  the 


drain  materials  based  on  CF  filter  criteria.  ihe  drains  .are  usually  nro- 


vi.lcJ  with  perforated  collector  pipes  connected  with  gravity  outlets.  An 
c.-n.imple  of  thi.s  tvpe  o'*  ti^e  drainage  sv.stem  employed  at  Corh.lti  dam  is  shown 


'  f  illard  19dS).  '''oe  ('ollec.tor  pir)e  also. 


'  r '?  s  sure  r  t- !  i  c  f  we  11s. 


'  Ti’p  e  f  fee  t  iveness  (’f  tc'e  dr.jfns  increa.ses  as  the  d.trrh  I c  r  e.a -o.s  ; 


■  ter  decth:  h-ooTne  uneconomical  liccau.se  of  the  \>rg'  exca'. i  c.ns 


-'..j  /jr.f  ensrs  of  .1  d  .-wa  t  e  r  i  "ig  .svstem.  heep  dr.ains  gencrallr  recu  i  i  c.'l- 


wit’'  outlet's  ai  low  elevati'  U..  in  nrdei  to  he  el  root. 'vc. 


VS 


pcnpori'icn  1  1 l.as  been 


; .  A  P'eChod  far  ec'nstructinp:  deep  trench  drains 
r  s  ;  J.e  re ' !  hiclilv  desirable  bv  ir.r.nv  engineers.  londe  sngpested  ren- 

t’  e  ft  trend,  drains  esirit  a  starch  sliirrv  to  suppert  the  exca'/ar  ion 
:a'i:ie  p'  ;ef:rent  ef  the  ri’ter  sand  backfill.  The  starch  v;nu!d  be  I'er.-i'ed  in 
'  !  e\'  dc-  -  :  I'cc  t  er  i  ol  og  i  ca  1  action  thus  creating  a  drain  <'•  the  reoiiired 

,  '  s:f  .  .d'e ;  he’"  such  drains  were  coi^s  tructcd  is  not  known. 

'  wall.  .A  metiiod  for  constructing  deep  drainage  trent;,--; 

t'  e  r  ins'  i:er:;oii  has  been  developed  bv  Bachv  Fnterprises,  Kranre.  11, c  Cietiiod 
de  ,  ■  ':‘-od  ’:i\'  '’eni.n;  et  al.  il^FI)  has  been  used  to  construct  drainage  ticiubes 
t  ■  iert'n.s  or  abotit  10  t't.  Fxcavat  ion  of  panel  sectic-ns  are  supported  bv  a 
■d  '(Jeg- !  e  slnrrp.  Filter  iraterial  is  placed  in  la^'ers  thrnngh  tlie  slurrv 
"■  ca.'  i't-  r’laced  as  piefnrned  panel  units.  Frocedurec  1  .ave  been  devei- 

■ped  ■’ o  t  ecav.itlng  and  licting  adjacent  panels  to  provide  :■  continuous  wa  1  1 - 
t  ■  p .  renirh  dra.in.  The  effectiveness  of  the  drain  ha.^;  ’'eer.  verified  bv  field 
■  a  sureiT'ents .  .At  least  five  installations  Irave  been  rtci',’'  as  of  1980  according 
''-serr’  Fnterprises,  who  consider  the  drain  walT  to  i-e  rrore  effeitive  tlian 
ri.lie-!  walls  becrause  of  its  continuous  nature.  ho  Information  is  a”ailable  on 
oil,' r,.; '0  r  e  r  i  s  t  i  cs  f'f  the  biodegradable  neciiut;. 

Prefabricated  drainage  panels.  Prefabricated  pan'l‘-.  c'f  plastic  are 


•'.va  1 1  ,ib  1  e  which  have  been  suggested  bv  Tt<inufact\;rer-s  for  potential  use  in 


the  open  supporting  core  peaks,  and  to  f  ’  ow  awav  \1a  rlie  crliannels. 


■  p  Of-en  vso;i  priiT.aril’/  'or  the  reOuction  n!  P'.drv 
■',<'-■•1  lures  anil  b'^’bir.a  retaining  wa  i  '  s  .  .A  pc  •  r 
shivwn  in  'able  1.  Ibe  n'lvsical  ciia  rar  te  r  '  t  i  .  s 
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The  possihllitv  I'f  the  filter  clog^'in^,  with  fine  soil  partieles, 
effeo's  cau.'ea  bv  Installation,  and  permeah  i  1  i  t  v  iha  t  at  i  e  r  is  t  i  i  s  In  the  trans¬ 
verse  ana  axial  d, Tertians  are  fact'  'jhich  nav  affect  their  performanre .  In 
ida’rion  to  rurt'er  lahofitorv  tests,  field  tests  are  needed  to  evaluate  their 
pertormanre  under  j  oh  conditler.s. 


FTiharkment  I'ralnavie 


hh .  F.mbankment  seepage  mav  inorease  during  the  li^e  of  s  dam  for  a 
tarietv  of  reasons.  Crackit'g  of  the  clnv  core  is  tisuallv  th»-  pr'Inarv  cause  cl 
in' reaped  seepage.  Excessive  seepage  tor  those  dams  which  di  not  em-p !  ov  a 
o.-.i-’iev  drain  is  usually  d.inored  Iv  wet  spots  or  sloughing  of  the  dowmstream 
i  pe  .  T’ne  selection  of  a  remedial  drainage  svstem  depends  or;  the  magnitude 
of  '-eenagi  ,  the  geometr;/  of  seepage  paths,  loretlon  "iid  condition  of  existing 
dcaina^e  fn:  illties,  and  time  and  funding  a'/.iilahie  fcr  i  mnl  emen  t  a  t  i  on  .  ioca- 
t’'on  of  tne  souroe  ot  seepage  nav  he  a  dffi’''ulr  t  i  ne-cr'nsum  i  i;g  problem  which 
sol'.'cd  oeioro  designing  an  anpropr  f  at  e  serp.igc  control  measure.  This 
i  51  specially  true  for  older  dams  where  good  construction  records  mav  be 
lack i n  g . 

ban;  with  no  intenial  drainage 


1 ‘s .  hlder  cams  with  no  internal  drainage  systems,  ii  subjent  to  suhse- 
guenr  cracking,  su'd,  be  suhiectcd  to  unde*;  i  rah  i  e  seepage.  ''nde’"  such  condi¬ 
tions,  the  most  effective  approach,  particalarlv  if  the  embankment  Is  of 
lir  it  :d  hicight.  Is  to  c-'Civ  ate  tne  downstream  portion  of  the  dam  and  incorpo¬ 
rate  a  horisonta:  drainage  niinket  and  chinnev  drain,  A  mr're  cost-i  f'Cti’.i 
soiufiin  cnr,5iists  of  treiuhing  near  the  axis  '  ti.e  dam  to  the  dept':,  oi  orccl.- 
ing,  filling  the  trench  with  a  filter  material,  and  pro'Mding  suitable  outlets 
at  intervals  t  a  ihe  downstream  toe  areas. 

Soi’  doii'^er'.  a.r  i  OI;  Service  dams 

,’o.  I  i  ,>  f,  I  !  (■(  nser  y 'I  r  i  o"  Service  fSi'Sl  constructed  a  rciTT''er  of  dp,., 
I'w  came  with  hcm-u'encous  cr.'.s  =e<'ticr..s  in  Arix':i,i.  "'he  riam:',  ,  crneril;'-  '^f 
.'lavs  an,:  s.'S'ly  s  i  1  t  .a  ,  i  '>  i  e  not  nrivided  wit'u  seepai’c  ran*-.(ii  measures, 
t  ■  c  d.iir  i  per '1  e-'c.  ri  creaking  that  appear:;  to  he  asscr..,ted  with  des- 
itcu’,.  7!p  S.i  in  litured  lemedial  refair  pr^'r''am  using  a  li'ter- 

cr.'iinae  '  .ten;  f.  '.eal  trv  cruris.  ’!  )' i  n  pr'  ledurc  .le.sc  r  1 1  fnl  'n  .■  lalhct  . 

O'i-.S'i  i -'in,  a  1  ■  of  t  r'.r).,  '■  i  ng  'o  ti'-'  (icft'’  of  cr.nrking  and  I  i  1  ’  < -ig  the 


uit’i  ;■  r.’per  I gr.iiii'd  gravelly  ^^anJ  lilcer.  llie  design  vsee  Figure  3) 
i'..;.  '.u.!r  uiai:’.  au  L  i  v  f  s ,  spaced  at  iatervais  generallv  less  Ll.ai;  i'/U  tr,  tha.t 
a  ••  ^  V  r.-' r  rva  ;  f‘  at'  gravt;i^;  laarser  ..han  tb.e  iiiter.  ’'he  ca:  s  t  rue  t  i  an  is  fea- 
i  t' a  e  as  rite  dart.s  .ire  geiierally  'tes.s  tbar  3l.-i  it  tn  iieight  and  da  n  at  retain  a 
re.ac!'.  i!'  except  in  the  event  :at  iiigii  i  n  t ns  i  t  \'  rat;:  .tartts. 
ert:^  aL  onbar.kr.eiit  arains 

C..  ior  rider  earth  tiani.s  which  tiave  hori.'a'ttal  urai''.ape  blankets  but  no 
cl.ica.e-.  draii;,  through  seepage  may  be  intercepted  by  installing  vortictil 
v;rs;":'s  dsw-iscrean:  at  tiie  core  which  intercept  the  existing  drainage  blanket, 
■'.iri.'us  tvpe-  a:  vertical  drains  hax'e  been  developed  prii:.i.ril>  tor  the  reduc¬ 
in':;  e::cess  pore  pressures  in  tine  grained  soils,  but  may  also  have  appli- 
,  •■iicr  ;  .  n !  0  r  c  e’p  t  i  in;  embankment  .seepage.  Significant  advances  have  been 

■'Ci'ct  ■'  r.adi.  in  the  development  .of  iiistal  l;it  ic.n  equipment  and  materials  used 
. ;  !  • :  : b  1  i c . . t  k  d  drains,  permitting;  iustallat  ions  to  depths  of  over  3U  m  in  a 
e t  i  ’i:  ot  rates  in  e.-:cess  of  1  m/sec.  A  sunimarv  o*'  pra.:tical  fac- 
kiei.ee  tb.e  I'C'-ign,  performance,  and  costs  of  vertical  drainage 
tv  .s  i -.ented  !.y  Mri.  v-vi;  ar.tl  hughes  <198.  ). 

...  3'e  major  tvpes  oi  drtitn  i  nsc  ai  1  a  t  icn.s  i'tcluiie;  ;a}  traditional 


:.c'  '.’r.i.:u;.  '■  >  sandwicks  coiisijiting  of  fiiior  sand  (.repacked  in  geotextile 

;  i  n  kin,;  and  p/laeed  i'-,  [icecrilled  hole,  wrapped  i  Itxibie  pipes 

of  ■  e.x  i  1‘ 1  e ,  usually  tnerrueated  plastic  pipe  surrounded  by  a  ge.o- 
r  k.  t  :  i. iiitkr  c’ot.i,  anc  ..d  '  I'ar.d  (.iijins  such  u.s  Cecdraii.  and  .Aiitirain.  The 
Old  klriii'.s  gereraiiv  h.;-'.  e  irnsu  f  t  ic  i  eiit  permt^abi  lity  to  be  considered  for 
Tet;.ii.:e  I'.tercept  ion  in  an  earth  dam. 

■  ^  It'  _i I  itt 

i .  The  Arr.>'  ito  Dam,  a  Id-m-high  ec.rtb.  fill  dam  in  Argentina  desnibed 
o.i  i.o:.;  ,  t  .ii.  !  -t85).  was  ‘ibserved  to  have  i.renis  oi  seepage  iin  tb.e  doua  - 

■  -  '...c  k'f  tile  khiir.  d  iring  iniii.ij  imprundnent  of  the  reservoir  uespite  the 

:  . k  '  t  .f  .!  substantial  d. ’vns  t  re  am  rtr.iinage  biaulk't.  It  was  c.'nciuded  from 
I  ;  k.-  ■  •  k- r  ;■  i  (■  d  a  t  )  th.cit  tilt  most  iikelv  cause  oi  seep.igk.:  w.is  t'ne  pre.stnce  ot 

'  i  <  ■’  I  ifirn-  i-i,  ; tlie  ci’-.l-a  nkme  n  t  witii  i.tver'  o!  li.'i.n  pe  rme.ih  i  1 :  t  y 


■r  to  exit  .  t  tiie  'towns  t  ve.-.t; 


.et.k'Ii.il  measures 


Ik'n,  ol  vert  i  (  ,i  1  drSi;’'s,  i  in.  in  di  vetei  and  ..o''v.'t;  IS  it  deen, 


s  I  -wr,  s  r  re 


it'.l  i  ntercept  ii;g  i  iik*  d: 


e  li  1  -  inke  t  . 


WT.ir»ywi? 


Kai'.'^o  i  i  i'arr. 

?4.  .V  nL'Viil  app ro.’.ci'.  to  pr.'vitio  additional  embankment  drainage  is  being 
carrien  out  bv  the  CF  Kansas  City  District  at  Kanapoiis  Dam.  The  embankntnt 
i^as  constr'icted  as  a  'itomv'.geneous  section  with  a  downstream  drainage  blanket 
vi’.ich  was  found  to  be  inadequate  with  respect  to  interception  of  through  seep¬ 
age.  ilie  Kcinsa.s  City  District  is  currently  developing  a  method  lor  installing 
.•■artical  driin;;  Tiear  the  top  of  t!ie  embankment,  which  intersect  the  existing 
drainage  ''iaoiket.  The  drains  consist  of  10-in. -diam  holes  filled  with  a 
L  liter  sand.  initially  a  geotextile  sleeve  was  used  as  a  liner  but  was  subse- 
nuenti"  eiimiiated.  The  drains  are  spaced  at  10  to  20  ft  and  extend  to  depths 
o*  '\)  ft.  Tne  ut sign  and  construction  of  the  drains  were  developed  on  the 
basi.i  a:  :i<.:id  experience.  Data  are  not  yet  available  on  the  effectiveness  of 
trie  ^  rains  in  control  of  the  embankment  seepage. 

£’j.u  la  fi  r  icated  dra  inage  panels 

^3.  i’rei  ibri  rated  drainage  panels  installed  es  chimney  drains  wo'.ild 
..prear  to  iiavc  sorae  merit  in  the  case  of  small  dams.  An  important  advantage 
would  be  t'tuit  fU'w  in  tl'.e  panels  would  be  under  gravity  conditions  to  outlets 
at  the  toe  oi  the  dam.  As  previously  noted,  considerably  more  development  and 
testing  are  required  before  the  panels  could  be  considered  for  use  in  an 
omi'ankment  . 
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Table  1 

Typical  Prefabric ated  Drainage  Modu 1 e s 


Trade  Name 


Bidim 

Eljen  Drainage  System 
Fnkadrain 
F  i  1  cram 
(ifiof  ab 

Geotech  Drainage  Board 

Hitek 

Hydraway 

Miradrain 

['ermedraln 

Tensor 


_ Manufacturer _ 

Quline  Corporation 
El  Jen  Corporation 
American  Enko  Company 
TCI  Americas 

Mercantile  Development  Inc. 
Southern  Ohio  Foam 
Burcan  Manufacturing  Company 
Monsanto  Company 
Mlrafl  Inc. 

NW  Fabrics  Company 
The  Tensor  Corporation 


lias  and  design  curves  for  draina^’e  trenches 


USF  OF  THE  HYDPOFRAISF  TO  CONSTRUCT 
CONCRETE  CUTOFF  WALLS 

Jonatlian  .1.  Parkinson 
Soletanche  and  Rodio,  Inc.,  Paris,  France 

Introduction 

1.  Tl:e  SOLETANCHE  HYDROFRAISE  is  a  machine  used  for  excavating  trenches 
for  concrete  slurrv  walls.  The  idea  of  building  such  a  rig  stems  from  the 
earlv  1970's  when  the  need  to  provide  deep  underground  parking  garages  In 
Paris,  France,  led  to  rhe  requirement  of  installing  slurrv  walls  close  to 

ad]  )cent  buildings,  through  varied  types  of  soil  which  frequently  contained 
hard  limestone  layers  up  to  50  ft  thick.  The  traditional  methods  used  for 
cutting  through  rock,  i.e.,  chiselling  or  explosives,  were  very  slow  at  best, 
and  not  acceptable  in  an  urban  environm.ent . 

2,  The  name  "HYDROFRAISE"  i s  an  abbreviation  of  the  French  for  "hydrau¬ 
lically  powered  milling  machine"  and  describes  the  machine's  basic  features  - 
hydraulic  motors  driving  cutter  drums.  A  less  obvious  but  equally  important 
part  of  the  concept  is  the  method  used  for  continuous  spoil  removal  during  the 
excavation  process.  The  machine  has  been  the  subject  of  continuous  develop- 
mer.t  and  refinement  since  its  inception,  but  the  basic  layout  has  remained  the 
same . 

Description,  of  the 

machine  and  method  of  operation 

1.  A  HYDLOFRAISF  "work  unit"  consists  of  four  principal  components: 

•  Heav^'  dutv  crawler  crane,  100-  to  150-ton  capacity. 

•  Hydraulic  power-pack. 

•  HYDROFRATSF.  itself. 

•  Slurrv  treatment  plant 

,  The  HYDROFRAISE  consists  of  a  metal  frame  50  ft  high,  weighing  20 
to  25  tons  denerding  on  the  model  fFigure  1).  At  the  base  of  the  frame  there 
are  three  hvdraulic  motors. 

5.  Two  rf  these  operate  chr  rutting  drums,  one  motor  being  built  into 
the  centpr  of  earl,  ilnim  (Figure  21.  The  sfred  of  rotation  is  slow,  about 
10-20  rprr,  hut  the  torque  is  suff Irient  to  break  up  all  the  soil  and  rock 


;;i  .-'u.' I  o :  i-'C  Liurir.j-,  ironcli  excavi-tion.  Tp.e  uri;rp-i  ip: 
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n .  ihe  third  hydra-  lie  motor  operare>^  i  spe:.ai;  pamp  rv'unt  d  ceitirajly 
n.et  above  ttie  ^utter  dromP  'Figare  3).  ''he  dri.,'.p  -o!  i e  :!-  ;  p  site  air.c- 

i  or  ' .  i'rinyiliy  the  oxca\ated  material  tow.ards  the  enter  it  t:,e  b.i.-ie,  and 
her.  upwards  towards  the  b.wer  oriiice  of  the  pair-p.  wiiieii  a  unt  iiivi  iisly  pijrr.p.s  a 
.  ow  of  bentonite  slu^.'  in  throneh  this  orifice,  up  ’'tirougr  ::  i-i-se  to  the 
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11.  Tn  a  single  cut  the  HYDROFKAISE  creates  an  8-ft  long  excavation; 
this  is  the  overall  length  defined  by  the  exterior  of  the  cutter  drums,  mea¬ 
sured  along  the  wall  axis.  The  lateral  width,  i.e.  the  thickness  of  the  panel 
being  e'ccavated,  can  be  varied  by  changing  the  drums  from  25  in.  fm.inimum)  to 
5  ft,  which  is  the  practical  maxiraim.  Operation  depth  is  usually  up  to 

300  ft,  but  crea.ter  depths  can  be  attained  to  suit  project  requirements. 

Excavation  Performance 

12.  The  upper  limit  of  rock  hardness  for  excavation  with  the  H5'DR0- 
KRAISE  is  an  unconfined  compressive  strength  of  about  1.5,000  psi.  The  excava¬ 
tion  rate  varies  Inversely  with  the  rock  hardness, 

13.  The  HYDROFKAISE  l.s  also  extremely  efficient  in  excavating  through 
soil.  In  dense  tand  and  gravel  or  residual  soils  for  example,  the  excavation 
rates  rai;  he  well  above  those  obtained  with  clamshell  equipment. 

14.  The  one  limiting  condition  on  use  of  the  HYDROFRAISE  is  the  pres¬ 
ence  of  boulders  of  extremelv  hard  rock.  Vdien  these  have  a  diameter  greater 
than  about  4  in. ,  they  cannot  be  crushed  or  be  removed  by  the  spoil-removal 
system,  and  the  HYDROFRAT.SE  Is  not  recoitmiended  for  use  in  situations  where 
there  is  a  large  quantity  of  such  boulders. 

15.  The  cutting  action  of  the  drums  is  such  that  there  are  no  shocks  or 
vibrations,  even  when  cutting  through  rock.  This  is  of  extreme  significance 
for  urban-tvpe  slurry  wall  sites,  but  it  can  also  be  Important  in  dam  repair 
work  where  heavv  chiselling  during  excavation  with  conventional  equipment  can 
cause  vibrations  that  are  undesirable  for  trench  stability  or  can  fracture  the 
rock  surrounding  the  trench. 

16.  Since  the  HYDROFRAISE  excavates  a  full-depth  cut  without  being 
brought  to  the  surface,  it  avoids  the  constant  up-and-down  motions  of  clam¬ 
shell  excavating  rigs,  which  can  cause  local  instahilitv  of  the  trench  walls 
in  snrr.e  cases.  Confirmation  of  this  is  found  in  the  fact  that  oxerhreak  is 
cons  i  der-'ih  1  V  less  with  Hl'DROFRATSF  excavated  cutoffs. 

I'ermanent  [lesanding 

1/.  ii'c  use  of  tlie  reverse  circulation  principle  means  that  tlie  bento¬ 
nite  .slurrv  is  root  inuouslv  tiesanded  and  the  slurrv  in  the  pane''  being 
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and  provides  a  s  {[nultaneous  printout  of  the  t'o!  lowing  paraneters; 


•  ’’Our  inclinometers. 

•  Torque  supplied  bv  ;^ach  cutting  motor. 

•  Kxcavation  rate. 

.hb ,  Iho  uualitv  of  the  rlnislied  cutoff  wall,  in  partic:u1ar  tlie  vail 
’.'ert  i  cal  1  tv  and  the  soundness  of  the  panel  ioints,  leads  to  use-  o'  rlie  u'.'ar^,’;. 
KHAi'^a'  o:'  projcctc  where  tlie  soil  contains  no  rock,  but  where  the  ahi  'i'e 
asrects  or  (ither  advantages  o  *'  this  i/achire  liictatc  its  use. 

Anr’ 1  i  c.'i  r  i to  Kr.b  ankmont  !'.!"s 
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existin'.:  concrete  structure  nt  the  point  where  the  cutoff  wall  contacts  such  a 


s  r  rue  tu  re  . 

'1.  .-Mso,  when  the  cutoff  i.s  installed  through  the  dam  core  and  into 
the  rock  below,  the  problem  of  keeping  the  excavation  on  line  at  the  abutment 
sections,  where  the  core-rock  interface  is  often  steeply  Inclined,  is  solved 
b'.  us’ne  the  HY'^ROFRAISE  '  s  vert  ical  i  tv-control  devices. 

3J.  Another  problem  sometimes  arises  when  the  alignment  of  the  cutoff 
intersects  existing  steel  grout  pipes,  or  concrete  dental  work  at  the  core¬ 
rock  contact.  In  both  cases,  the  HYDROFRAISE  can  cut  Its  way  through  the 
r c' s  t  a  c  1  e  s  . 

33.  The  HYDROFRATFE  can  be  used  on  any  cutoff  wall  project  where  bento¬ 
nite  .slurr:’  is  used  during  trench  excavation.  It  has  always  been  used  on  con¬ 
crete  panel-tvpe  walls:  either  normal  "hard"  concrete  of  3,000-  to  4,000-psi 
strength,  or  "plastic"  concrete  of  lower  strength  and  greater  deformabll itv. 
There  is  no  reason,  liowever,  why  it  could  not  be  used  for  excavating  the 
trench  for  a  soil-bentonite  cutoff,  where  hard  ground  or  other  considerations 
f  a  '.•or  its  use. 

3-'*.  To  date,  the  HYDROFR^MSE  has  been  used  to  install  more  than  4  mil¬ 
lion  sq  ft  of  slurry  wall  worldwide  including,  in  the  United  States, 

-St.  Sce'phen  Dam  In  South  Caroliita  and  Fontenelle  nam  in  Vvoming.  Its  continu¬ 
ing  improvement  in  performance  make.s  it  suitable  for  use  on  more  and  more 
projects,  especialU'  those  where  its  unique  features  ran  be  utili?;ed  to  the 
*b.i  1 . 
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Figure  2.  Schematic  view  of  HYDROFRAISE 


Figure  5.  Plan  view  of  excavation  of  secondary  panel 
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Dimensions  .ind  Physical  Properties  of  Soil-Cement  Bodies  Tha t  Can 
Be  Placed  by  Jet  Grouting  Methods  -  Recent  Developments 

I  n  t  roduc  t ion 

1.  Jet  grouting  is  a  general  term  which  can  be  applied  to  any  construc¬ 
tion  method  which  utilizes  an  ultra-high  pressure  fluid  (typically  5000  psi.) 
to  cut,  replace,  and  then  mix  the  native  soil  with  a  cementing  material,  often 
a  water-cement  grout.  At  present  there  are  about  eight  different  construction 
techniques  which  can  be  classified  as  jet  grouting  methods. 

Background  and  Historical  Perspective 

2.  The  original  idea  and  early  studies  of  using  high  pressure  water 
jets  to  cut,  remove,  and  cement  soils  were  conducted  in  Japan  about  1965  by 
the  brothers  Yamadado.  In  early  1970,  two  competing  forms  of  jet  grouting 
were  developed  nearly  simultaneously.  The  jet  grouting  technique  developed  by 
N'akan,  originally  utilized  chemical  grouts,  but  now  water-cement  grout  as  the 
jetting  medium  which  is  injected  at  ultra-high  pressures  through  horizontally 
projected  small  nozzles  (1.8  -  2.2  mm),  wiiich  are  located  at  the  bottom  of  a 


single  drill  rod,  which  is  depicted  in  Figure 


Because  the  single  rod  is 


both  lifted  and  rotated  while  jetting  the  grout,  a  pile-like  soil-cement  col¬ 
umn  is  formed,  from  whence  arises  the  name  of  this  type  of  jet  grouting: 
chemical  churning  pile  or  CGP  jet  grouting.  Typical  CCP  columns  are  about 
0.8-1.!)  meters  in  sand,  and  0,50-0.70  meters  in  clay. 

3.  The  other  jet  grouting  technique  developed  in  Japan  about  1970  was 
termed  jet  grouting  by  its  originator  Yahiro  and  Kajima  Construction  Company. 
The  most  distinctive  feature  of  this  method  is  related  to  the  three  rod  system 
employed  to  cut,  replace,  and  cement  the  in-situ  soil.  The  three  rod  sv;;tem 
is  required  because  three  different  types  of  fluids  are  used  during  jet 
grotJting;  water,  air,  and  cement  grout.  High  pressure  water  i  .s  spouted  as 
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'O  ,  i',::,  '  Well’  ,li  illeu  ;i-  v.-itious  >:o!l  t.'riiations  (sand  and  clay)  using  vari- 

>11-  i.i:  ;e-er  ,  intu-i  'e  pic'isure  and  size,  t>'t,!tion  rate,  lilting 

^peid,  ,iaut  i:  ;e,Lio:,  rate,  ^ompresseil  air  ensh  r  ouii  i  ng  the  wa  t  e  r /c  erren  t  jet), 
"la  t  •  1  '  -a  nr  .('its  induated  that  eolurns  t>  J  times  larger  than  conven- 

tiof.a,  '  '  ,  ,  n;.:  -  ci'u',1  he  econ- ar.i  cu  1  1  y  !  ormed  if  relatively  large  sized  noz- 

t  .  i  I'  diameter'  ,i.ai  high  grout  injection  rate.s  (20(1-d50  1/min) 

Were  'ised  io  (.;  r  ’  !  1  the  eeitimns.  Hv  injecting  a  larger  slug  of  cement  grout 
,nta  tile  Se  i  i  ,  th.in  that  injected  during  the  CCl’  process,  larger  columns  could 
la-  f>'r;ned  i'  ,l!'e  relatit'ely  low  nozzle  pressures  (3U00  psi.).  Ihis  approach  to 
;  e grouting  i direct  contrast  to  the  original  CCl’  process  proposed  by  the 
f  -."anese'  in  the  early  l97G's,  who  advocated  smaller  diarr.eter  nozzles  (2  mm  and 
less),  tiigiier  n.ozzle  pleasures  (.5000  psi  <ind  above),  and  much,  lower  grout 
injection  -ates  '50-70  1/min.).  Prior  to  1986  over  150,000  meters  of  CCP  col- 
ur  n  iia'.e  been  built  in  Brazil;  after  1986,  .10  Jet  grouting  has  been  used 
almost  oxc-iusively  by  Novatecna  and  has  been  utilized  on  over  60  jobs  through¬ 
out  South  Arerica  to  construct  about  50,000  m.  of  large  diameter  columns 
v2-l  meters  in  diameter). 

Oeoi^^^rv  oi  jet  grouted  btidies 

8.  (..y  1  indr  ica  I  bodies  ■  The  normal  shape  of  soil-cement  bodies  obtained 

0  .  ;et  gis'iiting  method  is  .i.nprox i mate  1  y  cylindrical,  depending  on  thixot- 

t  >p  •  a  (1  tile  -  .>^e ,  e  i  t  y  ot’  the  so;'.  Oenerallv,  this  body  is  designated  a 
^  -  inmn.  ii, .meters  oi  tlie'  calunins,  in  the  s..me  types  of  soil,  depend  on 

the  >•:  ecrio.’.  n  i  r  am  e  t  e  r  s  ,  wiiich  in  turn  tlepend  on  the  available  equipment, 
t  -;.r'e  ;  i  i  i  y  >u  tlie  purq-'ing  system  utilized. 

!  tie  i<niipir;ent  nc'r.nallv  used  by  Novatecna  allows  diameters  of  1.2  m 
;;  ii'p!;,  i;  ;  sis  oi  t!i  ’  ''.Cl'  system  and  2.2  m  in  applications  of  tiie  .1(7  system. 

!:  .i.'iu  ii  se  ,  leir  tliat  diameters  of  about  2.00  to  2.20  m  can  be  olitaineo  with 
t  !:.■  .  t  err  p>r,>vii;ed  adequate  pumping,  equipment  is  used.  This  statement  is 

:  ;■  >11'.  t  '  pe  ot  jet  grouting  system  in  relation  to  formation  of  d'ame- 

'll, ill  2  m.  Ihe  limit  ol  the  largest  column  diametei  that  can  be 
:>  ss'  >'  i  n  r  ot  the  v.’rious  jet  grouting  methods  will  be  ol  economi'  .1 

r.>:!ii  •  IS  .;',  le,!,  ical  order.  A  row  of  columns  with  a  distance  lietween  their 
i.-s  ,  :  .1  I  i  .  r  l  1  .in  itie  diameter  ol  each  coluncn  lorms  a  diaphragm  wall. 


li'.  !.  i'Mi'.ar  bodies  or  panels.  Another  possible  coniiguration  of  soil- 
d'ios  is  lIio  panel  that  is  forir.eci  in  soil  when  the  d  r  il  1  /  in  j  ec  t  ion  rod 
i  s  raa-  v  '.-o.i  \  ;  t  c  n' t  a  t  ion  . 

ii.  fie  A;  tests  were  ooiidi.c  ted  in  San  Paulo,  brazil,  in  which  panels 
Aore  :  -ri’.ed  'be  b'b;  nieti.od  in  clay  and  in  granular  material  by  the 
io  m.ecn  .  re  le'  to  showed  that  tlie  CdP  panels  jn  clay  resulted  in  slender 
: i  a ::  c  a  !  o  r  -evtii-ns  'Figure  a'',  and  t'le  .id  panels  in  gran.ular  materials 
resulted  in  rectangula.r  sections  (Figure  b). 

:  .  b'uring  chj  lieLd  tests  which  lead  to  the  improvement  ot  the  'o 
t  ec  iin,  i  que  ,  measurements  were  taade  to  verify  th.e  ciin)ensiuns  o',  the  panels.  In 


tile  beginning  it  was  noticed  and  proven  in  s'acc 


e.xper  i  eiices  tliat  by 


.ising  tire  same  Jetting  psirameters  (Table  double  radial  ran.ge.s  were 

bt. lined  in  relatinn  to  tiie  colur.n  diameter.  The  individual  panels  have  a 
cidth  r  t'le  safe  order  a.s  the  column  diiimeter.  A  dcutie  panel  equal  in  width 
o  tVo_'  ii'.cs  Li'ic-  column  diameter  i.s  obtained  with  jets  on  opposing  sides  of 
tile  ' :  ,  .  1  . 1,  '■  oc  t  :  on  rod  . 

.  1.  Alter  <1  number  ot  field  experiments  in  sand  and  clay  undertaken  in 
' bovciCccna  has  learned  tliat  the  JC.  technique,  can  be  used  to  form 
o :  i  ,  -  :  L‘i..e  u  [.  ’-nnels  with  lengths  of  1.80  to  2.20  ra  in  single  panels  and  3.60  to 
i  .  d  m  in  u.'u'  le  panel.s  '.-/ith  wall  thicknesses  from  0.20  to  0.40  m. 

N.  '.  test  Losing  the  .IG  method  w’as  performed  in  March  198b,  in  two 
L  ;u  u  i  gh--dei;s  i  t  y  artiiiclal  soils,  one  with  normal  and  W'el  1-graduated 

■"■rlr  .;:'e  li  i;,  t  r  i  hut  ■' on  ,  ranging  rrom  clay  to  2-in.  gravel,  and  the  other  made 
o;  ri:-.,-  ;  s  with  medium  sand  and  Portland  cement  with  percent  in 


stone.-'  t  rom.  I  to  7  in.  in  diameter.  Columns  witli  a  di.imcter  of 


•xirutely  1.40  m,  and  panels  with  a  minimum  indi'.'idual  length  jl  l.bO  m  up 
i;- um  length  r.i  1.80  m  with  wall  thicknesses  varying  iron  13  to  30  cm 
.'btuir.ec  it.  this  aj'tiiicial  soil  medium. 

1  :.  Kn  c  ..cj  r.i  ged  by  these  re.sults  and  foreseeing  specifi.  usi,",  Novatecna 
c.entLv  tested  <i  soil-cement  body  consisting  ol  two  divergent  double 
■or  -).o,el.-;  i  Figure  ,,  cc.ujiled  bv  :■  clumn  of  small  d.  i  .im.e  to  r .  bhese  (Vinels 
.'St.iined  bv  utilizing  four  jet  no/.zle.s  set  tw'o-bv-two  iii  opposite 
'  rigure  /  !.  1  be  maximuin  total  length  of  rlie  double  panels  i  ti  botii 

:  -'il^  w;;s  approx  imatel  y  1.20  to  J.PI  m.  A  row  ol  laminar  .single  or 

-  '  wiih  a  i;i,st.ir..e  between  their  axirs  less  man  t'.cire  the  i  idius 

e ...  paiK.b  11  ;.:s  a  diaphragm  wall. 


16.  The  cutoff  wall  formed  by  the  double  laminar  panels  seems  to  offer 
the  following  advantages  over  the  column-type  cutoff  wall: 

a.  Due  to  the  greater  longitudinal  extension  of  the  individual 
body,  larger  interaxial  distances  can  be  established.  This 
shape,  therefore,  should  prove  the  most  economical. 

b.  Due  to  the  reduced  mean  thickness  of  the  panel-type  diaphragm 
wall,  it  should  also  be  more  economical  to  produce  since  the 
consumption  of  slurry  will  be  lower. 

Properties  of  soil-cement 
bodies  formed  by  jet  grouting 

17.  Homogene i ty .  By  utilizing  high-pressure  pumping  equipment,  the  in 
situ  soil  is  pulverized  and  thoroughly  mixed  with  the  Injected  cement  slurry 
and  exhibits  homogeneity  comparable  to  a  mortar  or  concrete.  The  resulting 
^>oil  cement  mixture  is  called  soilcrete.  In  a  subsoil  composed  of  various 
layers  of  -.tratified  material,  the  resulting  soil-cement  mixture  will  be  homo¬ 
geneous  tluough  each  layer,  presenting  slightly  different  mechanical  charac¬ 
teristics  in  each  layer  of  strata.  In  the  transition  zone  between  the  layers 
of  strata,  there  will  be  a  gradual  change  from  one  type  of  material  to  the 


18.  Permeabil ity .  Based  on  the  results  of  several  tests,  it  can  be 
stated  that  the  permeability  of  the  soil-cement  bodies  is  within  the  following 
limits : 


10  ^  i  k  S  10  ^cm/sec 


19.  S t rength .  The  mechanical  strength  of  the  soil-cement  depends  on 
four  factors: 

•  Type  of  soil. 

•  Cement  quantity. 

•  Water/cement  ratio. 

•  Curing  t ime . 

The  purpose  of  Including  strength  values  in  this  report  is  to  give  some  guide¬ 
lines  about  expected  strength  ranges.  Such  values  and  relations  should  he 
considered  merely  indicative  for  the  purposes  of  this  report. 

20.  Guideline  -  values  ol  compressive  strength.  The  values  of  Tables  2 
371(1  1*  are  defined  as  the  average  results  obtained  from  a  series  oi  many  cncon- 
t  ined  compression  tests  performed  on  sample.s  of  cylindriccil  shape  i  rom  various 


soil  types  t  ro:;;  Japan,  itaiv,  Venezuela,  f.'olombia,  Brazil,  and  Argentina.  The 

strength  values  thgi/crJ'i  -ire  averages  only.  I'he  values  correspond  to  setting 

3 

times  oi  JO  and  I  _'U  days  aiid  are  related  to  the  cement  quantities  (kg/m  )  and 
tile  wjter/cement  ratio  oi  the  consolidating  slurry  as  indicated. 

-.1.  Table  presents  preliminary  correlations  betvteen  the  Indirect  ten¬ 
sile  strength  as  .neasured  in  the  diametral  compression  test  (Brazilian  Test) 
and  tile  eorapressive  strength  as  liieasured  in  the  unconiined  compression  test. 

tl n -  id e rati o n s  o I  Outoti  Walls  irom  N'uVATT.CN'A  Projects 

Porto  Primaver,^  L'ara  cutoff  wall 

JJ.  The  cutoif  wall  for  a  cofferdam  over  the  Parana  River,  Sac  Paulo, 

Brazil,  1132,  was  the  first  <-f  its  kind  in  the  New  World  (Figure  fc').  Several 

test  walls  were  made  with  10-  to  l4-m  depth  to  demonstrate  the  efficiency  of 
th.e  jet  grouting  system  and  to  delineate  other  factors  related  to  the  project. 

-J.  The  cutoff  wall  was  formed  in  alluvial  sands  with  a  5-  to 

1 B-S  tardard  Pe'ie  t  ra  c  i  ■■'n  Test  '  SFT)  blow  count.  The  soil  includeu  five  contin¬ 
uous  layers  of  firmly  cemented  conglomerate  averaging  in  thickness  from  about 
O.lyi  CO  1.0  m.  The  maximum  depth  reached  was  32  m. 

24.  Sorr.e  important  design  aspects  were; 

•  Drii Ling/in ject ion  -  same  unit  -  0  2-in.  drilling  rod. 

•  ■'  olumn  diameter  ^  0.80  m. 

•  (Juoff  wall  in  single  rows  except  for  one  doible  row  stretch 
parallel  lo  river 

•  Interaxi.ii  (center  to  center  of  columns  =  e)  distance; 

Single-row  sections  c  =  0.36  m . 

Uouble-row  sections  e  =  0.60  m . 

•  Permeability  of  column  material  -  k  T  10  ^ cm /sec. 

•  l.ongi  tudinal  extension  of  cutoff  wall  -  2,000  m. 

•  Fxecution  time  -  140  days. 

ihe  (ulier  drilling  parameters  (nozzle  pressure,  lifting  rate,  cement 
consumption,  etc.)  used  to  lorn;  the  CCP  columns  at  Porto  I’rimaveru  Dam  are 
listed  in  Tab  le  1  . 

2 J .  The  iroject  was  carried  out  based  on  solid  soils  data.  The  execu¬ 
tion  01  tiie  tests  and  stutiies  took  slightly  more  than  a  year. 


1-6.  (Geometric  specifications  for  this  project  (column  diameter  and  col¬ 
umn  interaxial  listances)  were  considered  a  valid  antecedent  and  were  adopted 


for  the  cutoit  wall  project  later  performed. 

27.  Two  important  observations  resulting  from  information  gained  from 
ihe  I'orto  trlma\'era  project  are: 

u.  in  thi.s  particular  alluvium  type,  the  vertical  drilling  should 
be  controlled  by  instruments  so  tJiat  interconnection  of  adja¬ 
cent  columns  can  be  assured,  and  therefore,  insure  an  efficient 
cutoff  wall. 

1'.  The  jettlrg  parameters  should  be  selected  as  a  function  of  soil 
characteristics  (SPT)  as  the  depth  increases. 

'•-ei'cedes  Rene  pi  t 

2fc.  ihe  structural  cutoff  wall  for  a  pit  to  be  excavated  in  soft,  sub- 
raerged  soil  in  Sao  Faulo,  Brazil,  198?,  presented  no  verticality  problems  due 
CO  th.j  limited  column  depth  and  the  excellent  soil  properties  (Figure  9).  In 
snite  of  the  specified  interaxial  distance  of  0.75  m  between  the  columns  of 
O.H'j  r.  diameter,  the  cutoff  wall  formed  with  four-column  rows  resulted  in  per¬ 
fect  sealing.  The  80  cm  diameter  columns  were  formed  using  the  drilling 
parameters  cited  in  Table  1.  The  structural  strength  was  excellent. 

Dalm.ine  Siderca  pit 

29.  A  structural  cutoff  wall  was  built  for  a  pit  to  be  excavated  in 
soft,  submerged  soil  in  Buenos  Aires,  Argentina,  1984,  as  shown  in  Figures  10 
and  1 .  This  pit,  as  far  as  we  know,  was  the  first  to  be  performed  to  this 
depth  (7,40  ;n}  utilizing  jet  grouting,  employing  the  drilling  parameters 
li.sted  in  labie  1.  The  results,  both  technical  and  economical,  were 
excellent. 

30.  Uith  the  knowledge  and  experience  accumulated  in  the  last  two 
year.';,  the  authors  feel  that  it  would  be  possible  to  achieve  comparable 
results  using  ,'C,  and  fewer  columns  than  needed  for  the  OOP  wall. 

hap i V a r i  pit 

31.  A  structural  cutoff  well  was  constructed  as  a  cylindrical  shart 
13  ni  in  diameter,  excavated  in  soft,  submerged  soil  for  the  Compaiihii  de 
laueamento  Basi  co  do  Estado  de  .Sao  Paulo,  Brazil  (SABESP),  1986,  as  shown  in 
r  i  iuir  I-  1  3  . 

:2.  Vertical  drilling  control  was  not  necessary  for  two  reasons: 

a,  il;e  dr  i  1 1  /  1  n  j  ec  t  ion  unit  performed  in  a  satisiactory  manner  in 
the  soil  type  encountered  over  the  9  m  depth  required  by  tiie 
design. 


!  .'f  sirui  Cura^  roasor.s,  cue  cutoi:  w.ii  t  v.,;s  aesigiieo  vita  iwi' 
:  -ws  a  V  i  r;::.as  .  1  he  reauits  c'l  thi;-.  prou-c:  veie  excei’ent. 


v,.i!  :pr  tills  hj;i.  acress  tin.  iiete  Kivo;  ,  Sm'  iaiiip, 
elativfiy  small  Jeh  colpirnsi  hesipned  tc 


c  t  ;■  t.  r  :  ^■e  1'  p.uik 


.11  a  re  i  II  i  •-■'r  ■  fii  i.<'i'crete  poilerd.r:.  itiuur 


''c  trf  i'e  1  vas  .s.u.d  tiie  ’-.I'ttnp.  aiid  clave'/  1  ]  i  above.  /i  aouble  roi^' 
1”;::  .  x,;.^  u'ili.ec  to  lorrn  tiie  ciitot:  lor  the  i.dpard  de  ''ouza  i)arr,  whicli 
1.1..;!'  to  Li.c  dc/.ipp  i;i;ice;.t  used  lor  the  Porto  drirraver.!  i'am.  Hovever, 
re  ■■■'e;:L  eltii..;  the  hh;'  eojunns  at  hdcard  de  bou.ia  Pam  '.'c;s  onlv 


e  si.'e  tile  hv.i'  colunas  used  tor  the  Porto  i'riin.ivera  i/ati. 

.  V  e  r  t  i a  !  Grilling  control  wa.s  ur, necessary  in  this  project  due  to 

ili.'v  deptn  o  :n  ■  and  tlie  excellent  soil  properties.  double  row  tl 
/  wa-  spe;  iliec;  due  1 1.)  Ctie  profaabilitv  '/f  encoun  1 1 1 1 1; ;;  granite  blocks  at 

e.'.  L ;  e.:i  i  •  i  es  ot  tile  drill  holes.  The  re..';Lti;ig  cut'll'  wail  was  cor- 

i  i,in  exceileiit  example  'i;  si-'tli  efi'icienc)'  and  economy. 

-  t  all  riL 


..  i  .  iiie  c  rue  t r.,i  1  cu!(l!  'wall  for  .'lubsui't  ace  v.f''k,  Banco  Itau,  Sao 
i>rici'.  ,  IvSn,  was  tlie  ::r.st  diapiiragm  wail  ronscructed  ir.  hracil  usi'O! 
i/.v  t  inod .  i'he  uesiir;ner  selected  an  intera.xial  di.stance  .tl  '.10  tr. ,  I'ore- 
a  nofiuai  cilutr.p  di  ireter  oi  ti.  'I'leie  wore  no  ve  r  t  i  .i.i  ^  i  t  picb- 

.  ti:  tiii.-;  enueaviir  uue  to  t.ie  .'.u.ilJow  depth  requireii. 

ju.  lip-  ..iti’  ii.r  Banc.'  .  tau  was  ,i  lormer  ga.solir.c  statK.'ii.  The  soil  in 

rea.s  Iiad  i'c^.-te  ci.'in  .im  i  ri.'i  t  ed  with  spiiJed  oil  and  gasi  'ine  which,  pre- 

ti.e  ^einent  slurry  .''roni  ha  taeii  ing .  It  is  imperative  to  periorrr.  .i  chen.i- 
Lily.sis  '.11  :.iie  soil  i.  ;  ■  uetect  the  presence  .jl  petroleum  products, 

ce,  etc.  a.s  we  i  i  ,.,cot  eci.n  i  c.i  !  i  :i\  est  i  ga  t  i  .'iis  . 

de  1_  lygui  J  ‘"i  outtii  i’  '^a  1  ! 

J  .  ;Wii  i.is.i  :  ■  t  pts  e-isent  ial  lor  tho  <>  t  lo.  :  : a  uesign  i''  .'  dtcp 


■  i-  »  -  i  :  1*  . ! !  .  « ’  ( .  u  I  T  >.•  I'l  S  i  «  ' !  I  <  ’  j  (it.-  S  '  i  t  c  '  td  c  0  .  i  ki  . 

,:<;a  f.’  ■  - !  t  rti  i  ii.a;'.  1  i  ■  :  I  ;  !  Hav  :  a  t  :  ^  a;  ;  i  i  il.r  \a  r  t:  :  ja  ] 


■  r  -  a*  ■  ■  at 


‘\rgonC  1  r.i' ,  at.  rha  .’iedra  del  Agiiiia  r  ite  where  a  rouerete  dam  is  presently 
I'.tider  a.-nst  r  .ct  i.in  on  tr.e  Rio  Limay. 

Jb’.  Sometime  1^;  the  retnotc  pa.st,  an  undetermined  geological  incident 
'ccurred  vljicli  diverted  the  Rio  i.i.^ay  to  its  present  course.  The  original 
pa'ecoj.o.cc  ...icienc  riverbeuj  is  a.lmost  irnmediate  Iv  adjacent  to  the  present 
r.vt^-v  valle.  ,  and  is  nou  completely  liiJed  with  ;|uite  diversified  soil-t>-pes 
Ivin.,  ill  r^-i'.don,  mixed  strata  oi  irreguLai  d  i"  (-n.s  i  ons  to  a  depth  oi  apprnxi- 
c. Italy  !  Ml  n.  b.jlcw  tlie  upper  surface,  which,  in  the  area  involved,  is  com- 
pierjlv  CO'  ered  vitn  a  layer  ot  b.asai  t  tc  a  depth  of  -60  to  -80  m  and  with  an 


ot  about  1,1 1;0 


The  level  of  the  luture  lake  is  expected  tc  be 


i:.  jjo'.'e-  Lh.-o  upper  su.rface  ot  the  paleocauce;  a  cutoff  wall  through  it 


IS  .  on  e  :  :  j  v. 


j .  Ihe  solu’.ioTi  ^uggest.id  cr  speciiied  by  the  contract  documents  calls 
;ot  1  .pregnai  'ing  the  a  1  lu'.i  urn.  with  giouting  substances  by  means  of  low- 
oi’essure  injection  to  be  i’jipl erne :i ted  from  two  horicortal  tunnels,  one  near  the 


he  b.a.sc  1  t  la'.'er.  t!ie  'ither  120  m  above  tiie  bettor;  laver  of  the 


p  a  1  e  .'cauce 


dij.  1  ne  difiicuities  fac  ing  ti;e  contractors  in  trying  to  transform  the 
specified  so!utic-i.  into  ,i  workable,  cost-cf f icient  procedure  gave  N'OVAThCNA 
tii-e  impetu.s  t.'  dtvelep  a!;  alteriMte  cimcept  and  design.  We  decided  to  design 
i  I  e  t -gin  nit  Oil  crti'f;  w.ill  perform.ing  all  nece.ssary  operations  from  the  upper 


i'e  I-..'- a  ;  r 


anc  to  take  advantage  of  the  excellent  performance 


r  l  ,  t  iu'  de;,icn  of  jet-grouted  cutoff  walls  con.-'ists 

■  ■  .  -.ipic  ;  i.e  j.'rcper  deci.sions  regarding  three  aspi-ct;  ; 

.h  ..'ii'ice  'U  the  t\'pe  oi  soilcrete  body  tcolum.n  a!  parr  ’)  and 
.!e:;t;;Cion  ol  the  pertinent  minimum  column  Jiamctei  or 
’  extension  actuaiJv  c-htair.ablc!  iii  tl'.e  soil  context  of  th.e 


f';>:ing  ti,;  pr.'pet  ^a.ac'ng  t'etween  axes  (  !  nteraxe.  1  cl  the 
'gums  SI  ilcrete  bodies. 

t  he- .  tilt  wall  .si.ciild  consi.it  of  .ingie-  c'lr  mult  iplc-rov 

'■■d’e  .ni'l  it  iruitiple  t  uws  ,'ire  ctu:-.‘:i,  [.etwee:  vhieii  ie'eJs 

'.t; .  u  '  '.i  I  .e  :  ■•eu  t  ed  . 

t,  the  tl.iri  ..;M'ect  was  not  a  cons  i  ut- tn  1 1  i  on  In  c  n;  .  no 

:  .I'd  wii  i  I  !i  i'eipiired  h  mu  I  t  i  p  i  e  -  r.iw  w  o  I  i  . 


M  .  i;  .  t  1  .1  :  s  t  Ut!  ■■ 


tin,-  ;.rc.bii_'r;  re  lultr.-d  n  ,  -me  is  ;  ciusions  inised 


i.NW’X.v'i*.  vC'.'v' >.•  t.-  '/-.A- '  -e*  ■ 


f^T^Til^niWr  iWri^ri 


a.  Takiiit;  into  account  the  difticuiLies  inherent  in  drilling  the 
axial  holes  tor  the  soilci'ece  bodies  through  the  basalt  layer 
and  t'ne  1 1 1  uu  i  urn ,  the  panel-type  body  was  prellninary  chosen 
^subject  to  conf  i  rinat  ion  by  a  Cechincal  leasihilit.'  study  now 


anaerwav ) . 


b.  "he  interaxis  spacing  would  obviously  depend  on  the  mi n imum 

^laranteed  extension  of  the  desigi:ed  panels  and  would  depend  a.; 


well  on  the  actual  guaranteed  limit  of  maximu-.  deviation  fre.r. 
vertical  attainable  at  the  depths  inv'olved. 


-1.  To  further  define  and  oxamine  tliest  thrae  I  nt  e  rconnec  tisl  aspe>_L‘s 


Xovatecua  decided  to  test  tlic  perfotniance  of  the  Jd  nH’tb.oJ  in  representative 


samnies  of  the  soil  ;:  invc  Lved  and  to  transfer  the  sol, at  ton  ot  the  crillin 


prooiems  to  a  highly  specialized  group:  the  oil  well  drillers.  We  were  able 
tc  interest  a  highly  qualified  oil  field,  mining,  and  dc'vp-wa  ter  service  com- 


panv  ,  dresse  r-At  1  as ,  in  C'ur  concepts;  and  eat  ly  this  year,  they  began  stud'’lng 


the  drll  Ling  protiltT's ,  while  we  in  Brazil  perfcriTied  our  soi  l  tests. 


■♦■4.  The  highly  respected  engineer,  Proiessor  Victor  de  MeJ  lo,  former 
president  of  the  iaiternational  Society  of  Soil  Mechanic.s  .and  Foundation  Ftigi- 
iieering,  studied  the  .situa.tion  and  gave  us:  u.rs  support-  After  a  careful  anal¬ 
ysis  ot  the  available  geological  and  geotecim  i  cal  inf  .rit"  t  ion  ii'or.i  the  site, 
re  .specitied  t  ww)  types  if  sc'il  from,  those  present  in  the  paleocauce  alluvium 


tor  tne  tests; 


Type  A.  A  dui\  piaipor t i oned  miteture  of  tomponents-Cxays , 

.s  '  1 1  s ,  s.iiid  and  gravel,  and  pebbles  with  grain  sizes  up  to 
d  ii.‘.  and  a  moisture  content  between  10  and  )i  poTcent.  The 
specilied  deii'ity  to  be  no  less  that'  d .  .1  to  2.4  t/m"  il,'5  to 


in  Oft  I  . 


Type  B.  This  soil  is  composed  of  a  matrix  of  sand  mixed  with 
cl.iy-fv  silt  .‘.o.d  5  percent  in  weight,  dry  Ihjrtjand  cement, 

■T;  percent  in  weight,  granitic  gravel,  pebbles,  ant  cobbles 
ra:!>;iTig  i  r<trr,  1  to  8  in.  in  size. 


rt‘presentar  J  ve  of  the  Ittwer  portion  of  the  paleocauce ' .s 


o':::,' tot  tiie.se  soils  were  collected  !  rt'm  a  la.rge  quarry 


:ue.-:  oompated  and  verified  bv  a  h.’gbjy  yualifieu  l.iL- 


■o  auri'.e.'' t  wtis  ;  u  I  J  ■  prepiared  rc'  ftu  s,.'cci!  ieh  deiicities. 


o::s  1  ;  tioe  eri.h.iu'm'U't  were  l.tr:,;e  enotigli  t,  aloiw  the  s  v.nme  t  r  i  t  .a  1 
!  -  I :  !  -t  coul.  li  p  iTiels  and  three  oojumn.c  it;  e  )c:i  t-pe  .s,'il  (  A  and 


e.ting  Ti  i ’■■ame  t  ers  .  ■  ho  excavated  e;,;i',n;kr(  ei' t  g.-n’e  e'.idLUce 


t-e.diee.  t'.iiiels  W'itli  -i  sirgl 


gie-oM.-ei  t  e".,o  1  on  ot  up  tii 


1.4  m  *fere  observt;J.  Then  using  anottier  set  of  jetting  parameters,  panels 
with  a  single-sheet  extension  ol  up  to  I .6  r.  and  columns  with  1.4m  diaraeteri 


were  obtained. 


46.  After  a  detailed  study  oi  the  soilcrete  bodies  obtained  in  these 


tests,  we  Considered  the  results  to  be  quite  satisfa 


in  terms  of  the 


dimensions  o£  the  bodies  and  the  qualit>  of  the  soilcrete  material  relative  to 


tlie  severe  conditions  thev  were  to  withstand. 


Meantime  the  Dresser-Atlas  team  had  arrived  at  the  following 


cone  1  us  ions : 


It  is  possible  to  drill  the  necessary  holes  for  the  cutoff  wall 
within  the  soil  context  of  the  paleocauce,  meeting  the  special 
requirements  of  very  tight  tolerances  in  vertical  deviation. 


Kven  with  the  thick  basaltic  cover  layer,  it  is  possible  to 
keep  the  maximum  deviation  of  the  holes  at  the  maximum  depth  of 
the  paleocauce  within  the  required  limit  of  50  cm. 


Tools  exist  that  are  capable  of  meeting  today's  stringent 
requiremients  for  directional  surveying  of  drilling  and  precise 
well  bore  positioning.  Special  sensors  assure  measurements  of 
0.1°  azimuth  and  0.05°  inclination,  independent  of  magnetic 
influence.  Tight  directional  control  during  the  drilling  oper¬ 
ation  is  a  matter  more  closely  related  to  cost  than  technical 
possibilities . 


Taking  into  account  the  number  of  holes  required  and  the  rela¬ 
tively  limited  amount  of  time  available,  the  Dresser-Atlas  team 
aesigned  a  satisfactory,  rapid  drilling  program  at  acceptable 


48.  At  this  point,  then  both  the  basic  concepts  oi  the  minimum  guaran¬ 


teed  dimensions  and  thu  maximum  guaranteed  deviation  limits  were  verified. 


Witli  this  information,  we  can  proceed  with  the  design  of  the  cutoff  wall 


49.  Based  on  the  results  of  our  Sao  Paulo  tests,  tlie  use  of  the  paiul- 


type  soilcrete  body  was  confirmed.  A  reduction  factor  of  25  percent  was 
applied  to  the  minimum  extension  obtained  in  the  tests  to  define  the  guaran¬ 


teed  minimum  extension  of  the  panels  to  be  used  for  the  actual  design  of  the 


cutoff  wall.  In  this  case,  the  de.sign  extension  for  the  individual  p;ineis  was 


1.2  m . 


;0.  Theoretically,  an  adequate  interaxis  is  tlie  maximum  l.iir  i  z^n  t  a  1 


spacing  that  will  safely  assure  a  sufficient  continuous  seal  between  coi.- 
liguous  panels  V  r  columns)  tor  the  entire  dcptii  ol  the  cutoil  wall  ever,  in 


the  event  of  maximum  allowed  deviation  between  their  axes.  The 


it  ion. a  1 


procedure  that  in  our  opinion  seems,  suitable  for  effectively  i  rq.  1  emen  t  i  ii);  .a 


1  c  i 

.  o:  cent  iriiiou.s 

;  connection 

consists  lif  first 

in ; fee  t  I  : 

It  two  jumoo  gruuC 

;  C  p  . ; 

:.r  ]  J  pare 

spaced 

sufficiently  lar 

apart  .s  o 

that  an  incer- 

si  1  L'  1' 

arc  ^  ,  fVt  ;:  p.ir 

i e  i  )  can  be  j 

etted  and  used  tc 

assu''t' 

1  Ofi.tinuou,-.  cut- 

wr  i  r  r  I  gure 

1  -t . 

>'\  :’.iro:'i;;s  Lnr-  drilling  ope  ra  t  ieir. ,  it  is  possiLie  :  l;  cietern’rie 


.1,  ri..!!  p  ',;LjL;:s  tlie  axes  oi  the  odd  par.els  with  respect  to  the  de'^ia- 
:  :.lvar.to,.:e  o this  in  1  o  rwa  t  i  on  ,  then  auj'  ejoen  b  c  d  may  be 

;  o  ^  Uol!  in  ,;;tior.  between  two  cent  igui.'us  oda  bodies  so  as  to 

en-,  ■  '  t'  t  .  ■  :oor.-  t  iie  odd  panel  deviations  by  means  ol  the  e\er 

i-  ' :  '  "  L  : , ■  :.s  a..o  .i  e\  i  <i  t  i  o!' s  .  thereby  prodi'.ring  the  required  continuous 
cvC;  !!  ;  K  r.c  tiic  outoi;  wall  to  ensure  sealing. 

.  .  we  '.d  '‘urtlier  clarify  the  term  adequate  interaxis.  The 

-  t  vi  e;  .. or. t  i  rou  us  bodies  should  be  such  that  ever,  for  the  tr.Obt 

n.i'ie  :  t  ;  .  ■  c- :  ueviattoii  (r.  a.\  i.tium  allowable  in  the  desigi;)  two 

;  O'.  ;  ate,-,  .-I  '  it  ist  .utiiry  compensation  to  ensure  sealing  of  the  w’all 

'  !•  :.,o;e  r;  -.e.rs  et  the  intermediate  even  body  by  prooer  positioning 


ire  It'-  axis . 


r  .  definition  is  valid  if  the  soilcrete  bodies  are  columns;  in 

s::ice  we  k:n'\-  ti.e  design  diameter  and  limit  of  maximum  vertical  devia- 


.’f  the  b  les ,  it  bec-'cmes  a  simple  matter  to  determine  the  interaxes 

■  itisiv  tie  sealing  ref;uireinenCs .  (It  is  interesting  to  point  out  chat 
t  ate  ue^.  Ling  wltli  design  extensions  of  bodies  with  maximum  allowable 
utie;..s.  we  couid  consider  tangency  between  contiguous  bodies,  i.o,,  zero 
lappii'.g,  ai;  acceptable  situation.) 


Wit:',  the  case  under  consideration,  the  type  of  cutoff  body  chosen 


a  d-'uhJe  diverger. t  panel,  (see  Figure  7).  For  this  type  of  soilcrete  body 

a -•  r.d  i  -rmething  to  the  definition  of  adequate  interaxis: 

Tile  spacing  ;should  be  such  that  even  in  the  most  unfavorable  case 
.or  deviation  (within  maximum  design  limits),  satisfactory  compen- 
icatioii  cciuid  be  made  by  means  of  the  intermediate  even  body  by 
proj.er  positioning  wtien  drilling  its  axis;  and  depending  on  the 
.  r  i  en  t  at  i.'.p.  and  deviation  of  its  own  borehole,  by  adjusting  as 
: .  0 r  s  a  r  y  naJ  rs  of  divergent  jets,  the  resulting  panels 

w;i:  er-'-ire  the  cuintinuous  sealing  of  at  least  one  rov^  of  panels. 

r.ise o!  t  x  t  rene  1  adverse  conditions  of  deviations  such  that 

•  :  '  :  ■  ;:.e  urs  ul  •■lie  intermediate  body  would  not  be  oousjdered  pru- 


li'oated  between  the  tw.i  deviating  .odu  bodies 


F. 


;  lu  'pe  r  ,  r 


sb.C'uld  provide  adequate  sealing. 


In  this  particular  case  we  would  determine 


by  tests  the  adequate  inceraxis  spacing. 

56.  Th.e  convenience  and  economy  of  the  panel-type  jet  grouted  cutoff 
wall  desciibed  are  evident  if  we  compare  it  with  a  hypothetical  solution  using 
ct^Iumn-cype  bodies.  Assum.lng  columns  with  a  minimum  effective  diameter  of 

i.J  m  (ininimuni  radius  of  0.65  m)  and  applying  the  same  reduction  factor  of 
2o  percent,  the  minimum  guaranteed  design  column  radius  would  be  0.49  m, 
comparable  to  1.2  m  of  the  panels  single-sheet  extension.  However,  aside  from 
tne  fact  that  n  design  radius  of  0.52  m  is  very  likely  not  compatible  with  a 
limit  of  maximum  deviation  of  0.5  m,  we  see  that  even  supposing  the  possibil- 
it\'  of  drilling  the.  holes  perfectly  vertical,  the  column-type  wall  would 
require  more  than  twice  the  number  of  boreholes  required  by  the  panel-bodied 
wail  and  would  need  a  much  larger  quantity  of  cement  as  well. 

57.  We  have  presented  the  criteria  used  in  the  preliminary  design  of 
the  Piedra  del  Aguila  cutoff  wall.  We  feel  that  the  criteria  presented  are 
valid  and  should  be  considered,  where  applicable,  for  constructing  jet-grouted 
cutoff  walls. 

Final  comments  on  the  selected  projects 

58.  The  verticality  control  of  the  drill  holes  was  not  considered  in 
any  of  Che  reported  cases  with  the  exception  of  the  Porto  Prlmavera  and  Piedra 
del  Aguila  projects. 

59.  In  the  other  cases,  where  the  columns  were  visible  after  excava¬ 
tion,  it  was  obvious  that  in  the  range  of  depths  encountered  (up  to  15  m) , 
perforation  in  soft  soils  by  the  drill/injection  unit  resulted  in  excellent 
verticality.  Visual  inspections  have  allowed  us  to  prove  that  the  effective 
column  diameters  were  consistent  with  the  theoretical  forecast  of  the  project. 

60.  The  satisfactory  results  achieved,  indicated  that  the  choice  of  the 
column  interaxial  spacing  was  correct. 

Recommendations  for  Jet-Grouted  Cutoff  Walls 


K s e n t  i  a  I  concepts  for  design 

61.  Soil  characteristics.  Soil  characteristics  are  usually  the  first 
available  data.  The  geological  and  geotechnical  information  should  be  com¬ 
plete.  Data  sampling  1 requency  should  be  on  par  with  the  complexity  of  each 
job. 


83 


0.1.  I'utoi;  val  L  eiilciency.  This  aspect  should  be  pre\'ousl'.  fixed  b> 
tic  dcsii'.scr.  I'ne  relewinc  intotsr.ct  ion  coixsists  c.t: 

The  underground  water  levels  up  and  dowiist  rci.:-  t  :  om  tlie  panel. 

b.  I'he  i.iax;'"un;  liead  loss  the  cutoff  should  provide  in  relation  to 
the  upstream  water  level. 

liiC  lie. id  eflic'eticv  ol  a  cut-,  if  panel  (ratio  of  head  Ucss  between  points 
Initiied  .i  ...t upstrcai'!  and  d  own  j.t  ream  o:  the  cutoff  wall  at  its  iunrtion  with 
tile  h.asr-  of  the  dam  to  t!ie  head  los.c  across  tlie  dam  expressed  as  a  percent¬ 
age'  is  genera,  lly  es  tai;  i  i.shed  to  be  between  70  and  HO  percent. 

r  j .  Guaranteed  limit  of  deviation  related  to  tlie  vertleality  of  tlie 
drill  lioles.  Tiie  guaranteed  limit  of  deviation  depends  on  the  drilling  equip¬ 
ment  and  netiiod  adopted  as  veil  as  the  maximum  depth  of  the  cutoff  wall  and 
t. :  1 1;  c  i-  i  t  p  t;  . 

PS.  due  dr i i 1 '  in j ec t i on  unit  normal ly  used  for  jet  grouting  can  drill 

oiirectly  into  clays,  silts,  sands,  and  mixed  soils  up  to  30  m.  For  greater 

depth  requirements  or  perforations  in  alluvial  soils  containing  gravel  and/or 

stones,  it  may  l>e  necessary  to  drill  holes  previous  to  treatment  by  means  of 

equipment  especially  designed  for  each  specific  case. 

bxdmple:  To  drill  to  13  m  depth  in  soil  made  up  of  70  percent  rolled 

pebbles  of  0.5  to  5-in.  diameter  in  the  Limay  River  bed  in  Patagonia, 
we  utilized  Stranwick  equipment.  Drilling  through  80  m  of  basalt 
underlying  180  m  of  heterogeneous  alluvial  deposit  required  the  use  of 
equipment  such  as  that  used  for  drillin.g  oil  wells. 

In  each  case,  however,  it  should  be  possible  to  define  by  means  of  pre¬ 
vious  testing  the  guaranteed  limit  within  an  acceptable  safety  margin 
for  the  drilling  deviation  (in  relation  to  the  vertical  requirements) 
in  the  specific  context  of  the  cutoff  wall  to  be  designed. 

The  w'ord  guaranteed  makes  sense  insofar  as  dimension,  direction,  and 
level  of  the  deviations  could  be  verified  by  adequate  Instrumentation. 
The  term  guaranteed  limit  should  be  compatible  with  the  resources 
available  for  the  JG  method  to  be  applied  in  the  cutoff  formation  to 
obtain  tlie  required  sealing  within  economical  limits.  This  guaran- 
teed  limit  should  also  be  the  one  allowed  or  compatible  in  individual 
cases. 

'['he  best  equipment  available  should  be  utilized  to  assure  minimum  devi¬ 
ation  within  the  acceptable  limits  at  maximum  depth.  This  iriormation 
sh.ould  be  available  when  tlie  cutoff  w'all  is  desi  gned . 

hi.  Minimum  guaranteed  soil-cement  body  dimensions.  Ulien  choosing  the 
o  mivCii-d  to  be  utilized,  tlie  designer  mu.st  take  into  cons  ider.it  ion  the  min  i  - 
ziur.i  T  im.e-.s  ions  ol  the  tro.ited  ‘-.oil  'nodles  obtainable  within  the  si' i  1  condi- 


t)h.  Ine  ni^Ji_ijTu.un  guaranteed  dimensions  (diameter  of  columns  or  length  of 
p.nieLs'i  to  be  considered  for  the  definition  of  the  cutoff  wall  geometry  will 
result  in  the  selectltni  of  a  reduction  factor  for  the  minimum  dimensions, 
vil^e  one  that  is  based  on  previous  in  situ  tests  could  be  obtained  at  any 
point  alc'ng  the  consolidated  bodies  in  actual  soil  conditions.)  The  maximum 
ailcwed  guarai'teed  deviation  and  the  minimum  guaranteed  dimension  of  the  con¬ 
solidated  bodies  forming  the  cutoff  wail  will  constitute  the  basis  of  the 
u  e  s  i  g n  for  the  wa  1  1. . 

n/.  iuite  often,  mpiete  soils  information  is  not  available  during  the 
initial  design  phase.  li  this  is  the  case,  the  designer  must  complete  his 
preliminary  work  based  on  the  information  at  hand  but  should  require  that  ade¬ 
quate  field  testing  be  completed  and  the  results  be  made  available  prior  to 
final  design  of  the  cutoff  wall. 

bd.  Basic  requirements  for  an  in  situ  diaphragm  wall  test.  The  aspects 
that  must  be  considered  in  performing  an  in  situ  test  should  include  the 


iol  Ic'wi  ng : 


e  Analysis  of  available  geotechnical  data  -  usually  provided  by  the 
client . 

•  Discussion  and  definition  (with  the  client)  of  the  limits  the 
diaphragm  wall  must  ensure. 

•  Definition  of  stresses  the  wall  may  have  to  tolerate  under 
"arious  circumstances. 

•  Design  of  the  cutoff  wall  (preliminary). 

•  Location,  shape,  and  extent  of  wall. 

•  Minimum  characteristics  -  strength,  modulus  ol  deformation, 
permeability  of  the  injected  soil-cement  bodies  in  relation  to 
the  various  soil  types  it  will  encounter,  acceptable  tolerance 
ranges . 

•  .Shape  of  soil-cement  bodies  forming  cutoff  wall. 

•  Criteria  for  definition  of  Interaxial  spacing. 

•  Anaiysi.s  of  resistance  conditions  expected. 

Tb.e  formation  proces:--  of  the  test  wall  consists  of  the  following; 

•  iirilling  of  alluvial  mass  and  bedrock. 

•  Type  of  drilling. 

•  Hquipment,  tools,  and  materials. 

•  Sequence  of  rqierations. 

•  Productivity  range. 


■«"  V 


•a*  4t* 


•  Necessary  inputs. 

•  Drilling  verticality. 

•  Maximum  acceptable  vertical  deviation  of  drilling. 

•  Methods  of  ensuring  verticality. 

•  Instrumentation  and  methods  to  control  verticality. 

•  Checking  routines. 

•  Procedures  to  correct  effects  of  eventual  tolerance  deviations. 

•  Utilization  of  DACTEST  instruments  (monitor  which  continuously 
records  the  depth  of  hole,  rotation  speed,  torque,  flow  rate,  and 
water  loss  during  drilling). 

•  Jet  grouted  trial  diaphragm  wall. 

•  Procedure  and  ranges  of  foreseen  parameters  for  the  execution  of 
diaphragm  wall  te'sts. 

•  Range  of  cementing  materials  consumption. 

•  Equipment . 

•  Coordination  of  ce'mentlng  operations  and  drilling  operations. 

•  Procedures  for  correcting  the  effects  of  deviations  occurring 
during  drillings. 

•  Necessary  support  and  inputs. 

•  Routines  for  checking  operating  parameters. 

70.  Control  of  diaphragm  wall  efficiency  is  accomplished  by: 

•  Proving  rates  of  efficiency  and  acceptable  tolerance  range  of  the 
diaphragm  wall. 

•  Instrumentation  programs  and  proposed  surveys  to  establish 
efficiency  rates  in  the  trial  diaphragm  wall. 

•  Conclusions  from  results  of  the  trial  diaphragm  wall. 

•  Procedures  to  correct  eventual  faults  in  efficiency  of  the 
diaphragm  wall  and  controlling  the  efficiency  of  such 
corrections . 

•  Preliminary  program  for  controlling  the  efficiency  of  final 
diaphragm  wall. 

71.  Time  must  be  allotted: 

•  For  design,  execution,  and  test  of  diaphragm  wall. 

•  For  final  diaphragm  wall. 

"J.  Among  the  costs  involved  is; 

•  Final  cost  to  be  drawn  up  with  general  contractor. 

Des i gn  gu i de 1 i nes 

73.  The  design  of  a  jet  grouted  cutoff  wall  consist  essentially  of 
lie c  i  s  i  on.s  i  I  inc t  rn  i  n g  : 

8  b 
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a.  li'.e  kind  oi  consol  idat  ed-body  which  will  form  the  wal],  charac¬ 
terized  by  the  shape  and  correspondent  minimum  dimension. 

b.  Tiie  horizontal  distance  which  will  separate  the  axes  oi  the 
overlapping  bodies. 

/nether  the  wall  should  be  composed  of  single  or  multiple  col¬ 
umns,  .and  if  multiple  rows  of  columns  are  specified,  between 
which  underground  levels  they  should  be  injected. 

/4.  The  relevant  decisions  cc-r.cerning  aspects  (a)  and  (b)  are  closely 

i n t e r cnnnec t ed ,  and  for  the  same  technical  result  ot  possible  alternatives, 

the  decision.;;  .should  be  directed  to  the  most  convenient  economical  solution. 

it  is  esser.ti.il  tiiat  the  designer  should  have  available  the  basic  information 

regardii’ig  the  minimum  dimensions  of  possible  alternative  bodies  and  the  limit 

cf  ma.xiraurr;  deviations  that  can  be  obtained  as  well  as  the  approximate  cost  of 

t'r'.ise  alternative  components. 

75.  The  relevant  decisions  concerning  aspect  (c)  when  impervious  cutoff 
vails  are  involved  can  be  applied  to  particular  situations,  but  not  required 
to  assure  the  best  performance  of  their  sealing  functions.  The  columns  should 
I'l  h  u;  t  ic  lent  !>■  connected  so  that  in  the  worst  situation  of  reciprocal  verti¬ 
cal  ity  deviation  of  two  adjacent  columns,  there  should  still  be  a  minimum 
.safety  connection  or  overlapping  between  them.  The  worst  situation  of  recip¬ 
rocal  verticality  deviations  between  two  contiguous  bodies  Is  determined  by 
the  position.."^  of  the  .axes  of  those  bodies  when  both  show  maximum  deviation  and 
are  oriented  in  the  mo.st  adverse  directions. 

7b.  keeping  ir,  mind  Che  technical  condition  mentioned  above,  in  our 
opir.ion  the  alternative  wa> s  for  a  satisfactory  definition  of  the  basic  design 
deri.sieis  Louid  be  as  lollows: 

u.  I(  preilet(  rmine  one  fixed  interaxial  distance  compatible  for 
the  t  ype  ot  body  seJecCed  based  on  the  economical  convenience, 
ac.l  to  deteiiiune  by  trial  simulating  adverse  positions  of  the 
overlapping  bodle:  ,  which  .should  be  the  minimum  range  (diameter 
in  tli-  I'.ise  (il  a  column,  or  length  in  the  case  of  a  panel)  that 
t!  :uiJ  ,;e  giuiranteed  t-.  the.se  bodies  or  to  satisfy  the  design 
reqii  i  remei.  t  s  . 

I  >  detine  the  tvpe  ut  body  which  will  I'orri  tlie  p.anel  and  the 
respuni  :\'e  miuimur.  range  that  could  be  gua  r.in  t  eed  in  the  soil 
'  '  t.  :-.t  of  tl.o  o'b  site,  then  to  determine  which  should  be  the 

•f  r.’  onvenii.rt  i  n  t  e  iMX  i  a  1  distance  tiult  satisfie;'  the  design 

r  ■  .  ;  I  ;o  r.e  i  t  s  . 

.  .  .  :t  1  ,  : 'ip  ■  r  t  !i;  I  to  i  ze  tb.at  the  .ni.ilysis  .el,,  old  cc:;side.  the 

•  .  t  1 1  .  .  ■  ■  t  r  le  t  i  1  '  r  r  I  '  V. .  i-  i  i  . .  t  .  f  i.e  mid  bodies  are  I  o  rr.eii  .  then  the  i.  v  en 
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ii  way  chat  each  one  compensates  tor  et facts  of  the  deviation  on  the  two 
adjoining  odd  bodies. 

78.  In  cases  oi  e.xtremely  adverse  situations  of  reciprocal  verticality 
deviation  of  two  adjacent  odd  body  axes,  a  satisfactory  compensation  may  be 
accomplished  by  mean.s  of  two  even  bodies  rather  than  one  in  their  respective 


posit  ions . 

For  the  column-type  diaphragm  wall,  the  specified  procedures  are 
simple  and  quick.  However,  when  using  the  double  laminar  panels  (Figure  7), 
the  procedures  are  not  so  simple  and  a  special  computer  program  should  be 
developed  to  aid  in  determining  the  proper  procedures.  The  suggested 
procedures  imply  the  absolute  necessity  to  know  the  direction  of  the  deviation 
ijT^  terms  of  dimensions,  orientation,  and  location  in  relation  to  the  vertical. 

80.  In  short,  the  fundamental  criteria  that  In  our  opinion  should  be 
taken  into  account  for  this  type  of  project  are: 

o  Design  the  diaphragm  wall  according  to  minimum  guaranteed 
dimensions  of  the  consolidated  bodies. 

o  The  safety  factor  adopted  to  transform  the  minimum  dimensions 
into  minimum  guaicnteed  '.imensions  should  be  fixed  by  the 
designer . 

0  Design  the  diaphragm  wall  taking  into  account  the  maximum 

compatible  deviation  in  function  of  the  diaphragm  wall  depths  and 
in  determining  the  correspondent  controls. 

This  concept  implies  that  if  a  diaphragm  wall  has  variable  depths,  the  design 

could  toresee  larger  interaxial  distances  in  shallower  depths. 


Verticality  Deviations  and  Corrections  for  Sealing  Between 
Two  Laminar  Double  Panels  of  Odd  Order 


P. 


81.  Figures  14  to  16  illustrate  examples  of  (a)  theoretical  location  of 
adjacent  panels  without  deviation,  (b)  location  of  even  bodies  to  compensate 
deviation  of  odd  bodic..,  and  (c)  jets  location  of  even  bodies  that  also  had  a 
maximum  deviation  to  .  ..upensate  maximum  deviations  of  odd  bodies, 
r  t.'  s  p  e  c  t  i '/  e  1  . 


Table  1 


Jetting  Parameters 

Porto  Prlmavera  Dam  (CCP  System) 

Pressure .  5,000  psl 

Time  .  4.1  mln/m 

Nozzle  .  2  0  1.8  mm 

Slurry  Quantity  .  62  £/mln 

Cement  Consumption  .  140  kg/m 

Water/Cement  Ratio  /Dry  Weight)  ..  1,5  :  1 

Column  Diamete-  .  80  cm 

Mercedes  Benz  Pit  (CCP  System) 

Pressure .  5,000  psl 

Time  .  3.75  mln/m 

Nozzle  .  2  0  2.2  mm 

Cement  Consumption  .  375  kg/m 

Water/Cement  Ratio  (Dry  Weight)  ..  0.8  :  1 

Column  Diameter  .  80  cm 

Dalmine  Siderca  Pit  (CCP  System) 

Pressure .  5,000  psi 

T ime  . . .  3.33  min/m 

Nozzle  .  2  0  1.8  mm 

Cement  Consumption  .  150  kg/m 

Water/Ceraent  Ratio  (Dry  Weight)  ..  1.1  :  1 

Column  Diameter  .  70  cm 


(Continued) 


Table  I  (Concluded) 


Edgard  de  Souza  Dam 

Pressure .  4,200  psi 

Time  .  2.9  min/m 

Nozzle  .  2  0  1.8  mm 

Cement  Consumption  .  125  kg/m 

Water/Cement  Ratio  (Dry  weight)...  1  :  1 


Column  Diameter 


Canlvar i  Pit 


Pressure*  .  4,300  psi 

Time* .  2.9  min/m 

Grout  Injection  Rate*  .  118  i?./mln 

Nozzle*  .  2  0  2.4  mm 

Pressure .  4,300  psi 

Time  .  2.9  min/m 

Slurry  Quantity  .  279  Jl/m 

Grout  Injection  Rate* .  95.6  H/min 

Cement  Consumption  .  212  kg/m 

Water/Cement  Ratio  (Dry  Weight)...  1  :  1 

Column  Diameter  .  75  cm 


*  Pre-rupture  using  only  water  as  the  jettln 
material. 
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Table  4 


0191  »7i  REPAIR  EVALUATION  MAINTENANCE  ANO  REHABILITATION 

RESEARCH  PROGRAM  PROCEE  <U>  ARMV  ENGINEER  HATERHAVS 
EXPERIMENT  STATION  VICXSBURG  NS  GEOTE  E  B  PERRV 
UNCLASSIFIED  JAN  86  F/G  1V2 


The  SSS  MAN  method 


235.5 


2.20 

2.7o| —  (•)  fine  sand  E 

3.75 
4,10 
4.55 
5.00 


-  (•)  MEDIUM  SAND 
Z  (*)  WITH  GRAVEL 


6.75 

7.25 

8. 46 1 

g.iol 


- (*) 


SAND  WITH  GRAVEL 


BASALT 


Cl  levels  of  conglomerate 


REPRESENTATIVE  ALLUVIAL  PROFILE 


METERS  OF  CCP  COLUMNS  ;  28,000 
CONSTRUCTION  TIME  ;  140  DAYS 


Figure  8,  Porto  Prlmavera  cutoff  wall  for  a  cofferdam 
over  the  Parana  River,  8ao  Paulo,  Brazil 
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C.C.P.  COLUMNS 


wiWs^SSSSlimSmimiSm 


PLAN 


DISTANCE  BETWEEN  CENTERS  =  0.75  METERS 


NOTF  PIT  19.8  X  6.0  X  5.45  METERS 

QUANTITIES  -  3,000  METERS  OF  C.C.  P.  COLUMNS 

PERIOD  OF  EXECUTION  -  45  DAYS  WITH  ONE  OPERATING  UNIT 


ELEVATION,  m 


PROFILE  OF  GROUND 


C.C.P.  COLUMNS 


CROSS  SECTION  A-A 


ORGANIC  CLAY 
LOOSE 

YELLOW  SAND 


COMPACT  SAND 


BLOWS/30  cm 


Figure  9. 


Structural  cutoff  wall  for  Mercedes  Benz  pit, 
Sao  Paulo,  Brazil 


Figure  10.  Structural  cutoff  wall  for  the  Dalmlne 

Buenos  Aires,  Argentina 


Typical  theoretical  location  of  adjacent  panels  without  deviation 


REINFORCED  DOWNSTREAM  BERMS 


by  James  M,  Duncan 
Virginia  Polytechnic  institute 

Introduction 

1.  Tins  paper  was  prepared  ior  the  "Workshop  on  New  Remedial  Seepage 

Control  Methods  for  Embankment-Dams  and  Soil  Foundations"  held  at  the  I'S  Arm\’ 
Engineer  Waterways  Experiment  Station  on  October  21st  and  22nd,  198n.  The 

subject  and  title  of  this  paper,  "Reinforced  Downstream  Berms,"  was  selected 
by  the  org.inizers  of  the  workshop. 

2.  The  paper  is  divided  into  two  major  sections.  The  first  deals  with 
lactors  that  govern  the  performance  of  seepage  berms.  It  borrows  heavily  from 
recent  theoretical  work  on  tlie  subject  by  Barron  M984).  The  second  section 
deals  with  the  characteristics  of  four  different  proprietary  systems  for  rein¬ 
forced  wall  5;  and  slojjes,  inc  hiding  their  components  and  behavior,  their 
design,  construction,  and  cost. 

Dow'ristream  berms  for  Seepage  Cont ijjJ 

3.  Excessive  seepage  from  the  f '^undat  ion  at  the  h.iwnst  t  earn  side  ot  an 
embankment  dam  rc.r  lead  to  unsafe  conditions  with  respect  to  erosic'n  and  pip¬ 
ing.  Une  means  of  cor.trolling  such  seepage  and  improving  the  satef.-  of  the 
structure  is  to  construct  a  seepage  berm  'on  the  downstream  side  o!  the  dam. 
Seepage  berms  restrain  the  foundation  soils  from  being  eroded  by  the  seep.ige 
emerging  from  the  foundation. 

Design  o f  seepage  berms 

A.  Seepage  berms  are  most  effective  if  thev  are  more  permeable  than  the 
underlying  foundation  soils,  or  if  they  are  constructed  on  a  drainage 
A  completely  permeable  berm  has  no  effect  on  the  seepage  conditions  and  ci  lO 
not  change  the  heads  in  the  foundation.  Such  berms  allow  the  water  to  f  1 ow 
freely  fron.  the  ioirulation,  while  the  underlying  soils  are  restraiin  lu 

prevent  foundation  soils  from  being  washed  into  the  voids  in  the  berm  material 


upward  .-,e.[)age  i  riip’  tlie  1  oundat  i  on ,  the  lower  portion  of  the  berm  must  sat¬ 
isfy  filter  criteria  wUh  respect  to  the  foundation. 

3.  Seepage  bern.s  can  be  constructed  using  soils  that  are  less  permeable 
cha.r  the  foundation,  but  wider  anc;  thicker  berms  are  required  to  achieve  the 
s.jn.e  degree  of  improvement.  When  sv-il  with  lower  permeability  is  placed  on 
the  foundation  downstream  trom  a  dam,  emergence  ot  seepage  from  the  foundation 
is  :e s c r re t ed  .  Ihe  heads  in  the  foundation  therefore  increase,  and  a  thicker 
berm  is  required  to  counteract  the  increased  uplift  pressures.  The  berm  must 
be  wider  uiso,  because  the  heads  decrease  more  gradually  with  distance 
d.owns  C  rea;:^ . 

t) ,  f’arr.'n  made  theoretical  studies  of  the  widths  aiid  thicknesses 

o’  se,:pn.e  beri.is  constructed  of  permieable  and  not-so-permeable  materials.  He 
’eri'  ed  cuuat  icMi'-  that  can  bo  used  to  determine  required  berm  widtt'.s  and 
t  ri  i  ck:  i"  s.  s  tor  a  wide  range  of  geometry  and  permeability  conditions, 

ssi  example  from  Barron  (1984)  is  shown  in  Figure  1.  It  pertains  to 
a  if'  ve  f"  ' high,  wlLti  a  5-ft-thick  blanket  capping  the  permeable  foundation 
i  i  . .  ;t  c  lie  seen  that  the  required  berm  width  is  about  300  ft  if  the 
;  c  rm.eat' i  I  i  t y  of  the  berm  material  is  not  less  than  that  of  the  underlying 
blanket  material.  When  the  permeability  of  the  berm  is  less  than  that  of  the 
nicokcc,  however,  the  berm  mu.c  be  considerably  wider  to  achieve  the  same 
decree  I't  safetv.  fur  a  berm  one-tenth  as  permeable  as  the  blanket,  the 
re^ufieti  her-  witith  would  be  ab'iut  1,000  ft.  For  a  completely  impermeable 
:-e!:-.,  '■i.e  r.qiiired  width  woulii  be  nearly  1,400  ft. 

"  .  :  iir  n  vi'*y.4i  used  mathematical  analysis  to  derive  formulas  for  com- 

,  fi:.  t'.-  o.  ■■  ,  red  wiitl,'  and  thickntSses  of  .seepage  berms.  Barron's  analy- 
i  ■  :  ,  :  rd  1  iiumlui  of  l  a-es  cl.jt  are  ot  coi'.s  i  do  rah  1  e  interest  and  which 

;  •  !  a '1 1  u  ra  t  liea;.i  t  i  t.  a  1  torplexity.  home  ol  tile  foimuJas  he  derived 

I  t,.s'  .  i.-e.  I’-imber  of  flu-  results  derived  by  Barron  are 

'  ;  •liow:;,.  r  i r a e r.ipb. -  ,  in  sim.pl  i:  i«d  form.  The  sinplilied 

■  .  >  :  ■  '  •,!,'i.'  :  [tr  i  -  iiitiudtol  -o  mak*'  e.i-.ier  .i) q,  licaticn.s  (! 

1  pi.i.  t;  ol  ,.i  e-..  .he  simplMiec.  .ipproach  doio  not  include 
1,  .  :  •  ,  ;  '  ,  1  t‘  ;  •  ,  .'1  ;  I  r  t  .  .its',  it  ir.t.ives  sore  approx  i  ma  t  i  oii.  not 

;  •  ■  '  :  I-  .  ■  I  .  o  in  i  1  V-.  i  '  . 

.  i  ■  .  .  :  .  •  ••  .  ;  ed  w  1  at  sroq  lae  bermo 

•.  .  !  :.!ii  t,  o  :  i I  :  t'T  !  r. :  1  n  i  t  e y  permeaiile  .and  m  r  coti- 

;  ,  .  t  .  1  .  ■  ■  .  , '  1  e  I  .e  t  :  .’to  w:  i '  i  -  u  i !  i  Figure  d  .  ii  i»  terms  u.s  (  i  in  these 


l.'rmr.ias  a 


r  L^Lire  i  . 


re  defined  at  the  bottom  of  Figure  2  and  in  the  sketch  at  the  top  of 


Itie  tormuias  given  in  section  (1)  of  Figure  2  can  be  used  to  calcu¬ 


late  her:-',  '.wdths  lor  cases  where  the  permeability  of  the  berm  material  exceeds 
that  tile  underlying  natural  blanket,  or  where  a  permeable  blanket  drain 
un.der^LfS  t  h.e  berm.  In  tiiia  case,  tlie  distribution  ol  heads  in  the  foundation 
is  net  n.f:  acted  ty  the  berm.  The  head  at  the  toe  of  the  embankment  (h^J, 
which  1.,  the  same  after  the  berm  is  placed  as  it  was  before,  can  be  calculated 
using  the  iorr.uia  given  in  the  figure.  When  h^  has  been  determined,  the 
required  her'-  i.-idth  i.:an  then  he  calculated. 

11.  Although  the  formulas  at  tlie  top  of  Figure  2  were  derived  assuming 
ilio  lierm  permeability  is  infinite,  they  can  be  used  to  estimate  and  B  for 
^ases  where  the  tier'm  permeability  exceeds  that  of  the  foundation  but  is  not 
inlinite.  As  can  be  seen  in  Figure  1,  the  required  berm  width  increases  as 
the  henn  pe  t  ii.e.ih  i  1  i  t  y  decreases.  For  the  case  where  the  berm  permeability  is 
t-Gual  to  chat  of  the  underlying  natural  blanket,  the  required  berm  width  is 
jtKi;t  Hi'  percent  wider  than  for  an  Infinitely  permeable  berm.  It  seems  rea¬ 
sonable  t^i  use  the  formulas  in  Figure  2  to  determine  the  berm  width  for  infi¬ 
nite  permeability,  and  then  to  increase  the  widtli  to  account  for  a  finite 
'.alue  of  permeability  using  Figure  1  as  a  guide.  Also  h^  siiould  be  increased 
by  the  same  factor  as  applied  to  the  width. 

.  _ .  Ihe  formulas  given  in  section  f2)  of  Figure  2  apply  to  the  case 

wi'.ere  the  berm  is  completely  impermeable.  In  this  case,  the  berm  completely 

seals  off  seepage  from  the  foundation,  and  this  results  in  higher  heads  within 

the  foundation.  With  no  upward  seepage  through  the  berm,  the  variation  of 

liead  with  distance  from  the  embankment  toe  is  linear,  and  the  value  of  h  can 

t 

be  calculated  once  the  berm  width  is  known. 

13.  While  the  formulas  given  in  section  (2)  ol  Figure  2  only  apply  io 
completely  impermeable  berms,  the  values  can  be  adjusted  for  cases  where  the 
berm  permeability  is  smaller  than  that  of  the  underlying  blanket  but  is  not 
ya-v.i.  li  i-.  ad  justment  car.  he  made  using  the  factors  shown  in  Table  1,  which 
were  ;  rom  the  example  showTi  in  Figure  1.  For  a  completely  imperiTieable 


’  1; e  I  'C  rr.s  !  .i  i  u  I  i  gur  t 


;ives  a  required  berm  width  of  1,3.'0  ft  to 


e  a  lacti-r  o!  s-'.fetv  against  uplift  equal  to  1.50.  For  k^  =  (herm 
b-  l:fv  l■>■,■aal  to  hlcjnket  permeability),  the  required  berm  widtli  is  370  ft 
i.  >(i,  or  27  pe:  ent  of  the  required  width  for  zero  permeabi  Ii  tv . 


14.  Values  of  calculated  using  the  foraulas  in  Figure  2  can  also  be 
adjusted  for  other  values  of  berm  permeability.  The  adjustment  factors,  which 
were  derived  irom  calculations  given  by  ’Barron  (1984)  for  the  example  in  Fig¬ 
ure  1,  are  listed  in  the  right-hand  column  in  Table  1.  For  a  completely 
impermeable  berm  and  F  =  1.20,  the  formula  in  Figure  2  gives  a  value  of 
h^  =  22.2  ft.  For  (berm  permeability  equal  to  blanket  permeability) 

and  F  =  1.2C,  the  value  of  h^  given  by  Barron  (1984)  is  12.5  ft,  or  56  percent 
of  the  value  corresponding  to  zero  permeability. 

Determining  required  thicknesses  of  seepage  berms 


Ij.  The  required  thickness  of  a  seepage  berm  is  governed  by  the  head 

beneath  it  and  the  desired  factor  of  safety  against  uplift.  The  factor  of 

safety  against  uplift,  defined  as  the  ratio  of  upward  seepage  force  to  buoyant 
unit  weight,  can  be  calculated  using  the  formulas  given  in  Figure  3. 

16.  Two  expressions  for  factor  of  safety  are  given  in  Figure  3,  one  for 
the  factor  of  safety  against  uplift  of  both  the  natural  blanket  and  the  berm 
beneath  it,  and  a  second  for  uplift  of  only  the  seepage  berm.  Either  of  these 
may  be  more  critical,  depending  on  the  relative  values  of  permeability  of  the 
berm  and  the  blanket.  When  the  blanket  is  less  permeable  than  the  berm,  the 
factor  of  safety  against  uplift  of  both  the  blanket  and  the  berm  (given  by  the 
first  expression  in  Figure  3)  is  usually  smaller  than  the  factor  of  safety  for 
the  berm  alone  (given  by  the  second  expression) . 

17.  The  expressions  given  in  Figure  3  can  be  solved  for  the  value  of 

berm  thickness  required  to  give  the  desired  factor  of  safety.  Using  these 

expressions  with  h  =  h.  gives  the  required  berm  thickness  at  the  embankment 
toe  . 

18.  The  required  berm  thickness  at  the  downstream  end  of  the  berm  is 
zero  for  cases  where  the  berm  is  more  permeable  than  the  underlying  natural 
blanket.  For  cases  where  the  berm  is  less  permeable  than  the  blanket,  some 
thickness  is  required  at  the  toe.  The  thickness  required  can  be  calculated 
using  Lhe  formula  given  in  Figure  4.  This  expression  gives  the  thickness 
required  to  achieve  the  same  factor  of  safety  against  uplift  at  the  downstream 
toe  of  the  berm  as  for  the  area  just  beyond  the  berm  toe.  It  was  derived  by 
using  the  first  formula  in  Figure  3  to  develop  an  expression  for  thi?  factor  of 
safety  of  the  blanket  alone,  by  setting  the  berm  thickness  equal  to  zero. 

This  expression  then  gives  the  factor  of  safety  just  beyond  the  berm  toe. 


#*1 


Itliri  expression  was  then  equated  to  the  second  formula  in  Figure  3,  and  the 
resulting  equation  was  solved  for  the  value  of  t.  This  value  of  t  thus 
corresponds  to  equal  factors  of  safety  at  the  berm  toe  and  just  beyond  the 
berrr.  toe.  This  value  of  factor  of  safety  is  the  one  used  in  calculating  the 
width  of  the  berm,  by  means  of  the  formulas  given  in  Figure  2. 

[  Sf .  If  the  berm  was  completely  impermeable,  the  head  at  the  base  of  the 
natural  blanket  would  vary  linearly  with  distance  downstream  from  the  embank¬ 
ment.  A  berm  with  uniformly  varying  thickness  would  have  the  same  factor  of 
safetv  at  all  locations  from  the  embankment  toe  to  the  berm  toe. 

20.  If  the  herm  has  a  finite  permeability,  or  even  if  it  is  infinitely 
permeable,  the  head  does  not  vary  linearly  with  distance  downstream  from  the 
embankment.  Near  the  embankment  toe  the  variation  of  head  with  distance  is 
more  rapid  than  it  is  further  downstream.  In  this  case,  a  berm  with  uniformly 
varying  thickness  has  a  higher  factor  of  safety  in  the  area  between  the 
embankment  toe  and  the  berm  toe  than  it  does  at  those  locations.  The  thick¬ 
ness  of  the  berm  would  have  to  vary  in  a  nonlinear  manner  with  distance  from 
the  embankment  toe  in  order  to  achieve  exactly  the  same  factor  of  safety  at 
all  locations.  Barron  (1984)  extended  his  theoretical  studies  to  include 
consider.!:  ion  of  how  ttie  berm  thickness  should  vary  to  achieve  an  exactl)' 
uniform  factor  of  safety. 

21.  Because  of  the  way  the  head  varies  with  distance  downstream  from 
tiu'  cmb .inkiiien t  toe,  if  the  slope  of  the  berm  surface  is  constant,  the  minimum 
lactor;  i'f  .safety  .iccur  at  the  embankment  toe  and  the  berm  toe.  All  of  the 
•urea  in  between  has  a  slightly  higher  factor  of  safety.  The  extreme  magnitude 
cf  this  efiect  occurs  when  the  berm  is  infinitely  permeable.  In  this  case,  a 
savings  in  volunie  of  about  30  percent  would  be  possible  if  the  berm  surface 
was  graded  in  a  curve  calculated  to  achieve  exactly  the  same  factor  of  safety 

it  c.ii  locitious.  The  details  indicating  the  required  shape  are  given  by 
Barron  ( 1 98a)  . 

^inf orcement  of  Berms 

22.  /\s  can  be  seen  from  the  discussion  in  the  previou.s  section,  seepage 
berms  uiuciiy  have  mild  surface  slopes  and  small  thickness  at  the  downstream 
end.  rhus,  in  most  cases,  th.ere  would  appear  to  be  little  need  for  reinforce¬ 
ment  ni_  seepage  berm.s.  In  some  situations,  however,  a  .seepage  berm  may  have  a 
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■Steep  slope  that  would  need  to  be  supported  or  reinforced  for  stability.  This 
might  occur,  for  example,  at  the  edge  of  an  outlet  channel  below  a  dam.  The 
foliowing  sections  consider  the  possible  use  of  various  types  of  reinforcement 
for  such  slopes. 

23.  Slope  reinforcement  systems  of  the  kinds  discussed  in  this  paper 
ore  proprietary.  The  companies  that  market  these  systems  employ  engineering 
staffs  and  are  able  to  provide  engineering  assistance  to  design  engineers  who 
wisii  to  use  their  products,  as  well  as  technical  information  regarding  their 
product.s  and  their  design  methods.  Throug!i  this  mechanism  a  considerable  body 
ot  extremely  valuable  design  and  construction  experience  is  available  to  engi- 
ncerc  wlio  mav  be  unfamiliar  with  the  details  of  the  various  slope  reinforce¬ 


ment  .ivstems,  but  who  would  like  to  explore  their  potential  value  for  use  on  a 


pai'ticular  project, 


Reinforced  barth 


24.  Reinforced  Earth,  a  product  of  the  Reinforced  Earth  Company  (head¬ 


quarters  in  Arlington,  Virginia),  was  originated  by  French  engineer  Henri 


Vidal  about  20  years  ago.  it  has  since  been  extensively  used  in  Europe  and 
the  I'nited  States.  Many  of  the  applications  have  been  for  highway  bridge 
abutments,  but  a  wide  variety  of  other  applications  have  also  been  made, 
notably  including  marine  structures. 

25.  Reinforced  Earth  walls,  shown  in  Figure  5,  employ  galvanized  or 
aluminum  ribbed  strips  as  the  reinforcing  elements,  and  precast  concrete  or 
■Steel  panels  as  the  wall  facing.  The  facing  panels  overlap  to  prevent  ravel¬ 
ing  of  the  backfill,  and  cork  is  used  in  the  joints  between  panels  to  accommo¬ 


date  differential  settlements.  The  backfill  for  Reinforced  Earth  must  be  a 


fairly  clean  sand  or  gravel,  with  less  than  15  percent  finer  than  the 


if  200  sieve,  and  a  PI  less  than  6. 


26.  The  company  provides  a  full  range  of  engineering  services,  includ¬ 
ing  preliminary  design  and  cost  estimates,  final  design,  assistance  at  prebid 


and  preconstruction  conferences,  and  assistance  to  the  contractor  during 


const  me  t  ion  . 


Hi  it  ike:  Welded  Wire  Walls 
ana  Rtinfor'-eu  Soil  Embankmer t s 


7.  The  Hllfiktr  (.'ompany,  located  in  Furek.i,  t  ..i  1  ■  t  ot  r  i  a  ,  was  .ivaided 


i  r  .s  'ir.st  [>atent  ‘'or  a  reinforced  ret. lining  wall  system  in  I  .  '"i  :inw  iiis 


Hiliiker  wails  have  been  used  lot  a  wide  \arii  t 


including  bridge  ahutraenLu,  landslide  repairs,  embankment  stabilization,  ero¬ 
sion  control,  and  others. 

^8.  Two  different  systems  are  marketed  by  Hilfiker.  Their  Welded  Wire 
Wail,  tlie  less  costly  of  tlie  two,  uses  wire  mesh  and  wire  screen  as  wall  fac¬ 
ing  (Figure  bj.  The  second  system.  Reinforced  Soil  tmbar.kment,  which  is  shown 
in  Figure  /,  uses  precast  concrete  facing  elements.  Both  types  use  galvai ized 
wire  mesh  as  the  reinforcing  element,  and  both  interlock  for  assembly,  so  no 
bolts  I'r  other  fasteners  are  required.  Backfill  materials  range  from  GW  to  SC 
by  the  L'nified  C lassi f i cat  ion  System,  and  required  compaction  is  90  percent  of 
Standard  Proctor. 

29.  Hilfiker  provides  a  full  range  of  engineering  services,  in  addition 
to  manuf acturing  the  wall  components.  Many  designs  are  standardized,  and 
designs  for  unique  conditions  are  prepared  on  request. 

;'8L  Retained  E.irth  walls 

10.  The  VSI.  Corporation  has  its  headquarters  in  Los  Gatos,  California. 
Ir  bn.ciuess  siiice  the  19h()'s,  VSL  was  originally  a  contracting  company  spe¬ 
cializing  in  poot-tensioning.  Unlike  the  manufacturers  of  the  other  wall  sys¬ 
tems  ii'cliided  in  this  paper,  VSL  offers  construction  services  and  will  build 
CO, I'g'Iete  wall  ststems,  including  erection  and  backfilling  as  well  as  manufac¬ 
turing  the  components.  VSL  will  also  work  with  other  erection  and  backfilling 
Cl.  r.t  ractors  ii  desired. 

j1.  Retained  Larth  walls,  shown  in  Figure  8,  use  galvanized  wire  mesh 
reinforcing  elements  and  precast  concrete  wall  panels.  The  company  does  not 
set  genera]  .specifications  for  acceptable  backfill  ssustems,  but  candidate 
backfills  must  be  approved  by  VSL  engineers.  Retained  Karth  walls  have  been 
used  for  a  wide  range  of  applications,  including  bridge  abutments,  retaining 
walls,  strea.n  protection,  and  otners. 

32.  VSL  employs  structural  and  geoteclinical  engineers  and  otters  a  wide 
r.ange  ct  services,  ii’.cluding  consultation,  tcasibil  i  r>'  studies,  design,  and 
c  or.s  t  rue  t  i<  ir. . 

Tein  ar  i-L'.igrid- r_einf  orced  walls  .and  slopes 

1.  d;e  lensar  Gorporaticii  has  its  headquarters  in  Atlanta,  Georgia, 
lens.!-  i,:'.  recentlv  reached  a  marketing  agreement  with  Armco,  and  information 
■  .e:  i)  p  r  or!  ui  t  is  available  from  all  Armco  otlices.  Tensar  Geogrlds  were 

M'.i  I,  I  VI’,!  ‘ir  t  in  i.ngland  l-y  a  company  calJed  Netlon,  ltd.  The  goc.grid 
■  o  n:  ii.p  pr-'ii  sc  inviijvt's  punching  holes  in  sheets  of  polymer  and 
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L'M'cretf  'a'i:,.  reduces  the  cost  of  Welded  Wire  Wall  as  compared  to  the  Kein- 
'  reed  >,■;  :  '  m'-'aukmei'. t s  ,  which  are  also  produced  by  Hilflker  and  wfiicli  are  the 

:  e  i:'.  other  respOLts. 

.o- .  W'.e  lensar  (leogr  i  d- re  inf  orced  walls  and  slopes  tiifier  from  the 
't'lei  .'."Stems  mainly  in  the  reinforcement,  which  is  hi  gh-s  t  r  err  t  li  oriented 
polvm.ir  rcitlier  tl’.an  ii:etal.  lensar  walls  are  sometime.s  faced  with,  the  geogrid 
material,  and  sor.c^t  imes  with  other  materials.  The  geogrids  car,  bt‘  cast  intc' 
the  f.icing  i:  desirtci.  When  the  grid  itself  is  used  as  the  facing  material, 
the  crid  i  wrapped  back  around  the  soil  at  the  lace  to  encaptailaLe  and  retain 
tile  baokfil!.  >'081  t;.pes  ot  onsite  soils  can  be  used  as  backfill  for  dei'grid- 
reiniorced  wails  and  slopes.  Ihe  amount  of  reinforcement  needed  in  a  given 
appiication  is  determined  b\  the  wall  he'ight,  the  external  loads,  and  the  t\pe 
•a  back: .11. 

1. ur_.C'  H  i_t^. 

i-ongevif.  is  an  extremely  important  consideration  for  all  of  these 
s;  1 1 ,  aecacse  they  u.se  reinforcement  embeddeii  in  the  backl  ill,  inaccessible 
:•  r  r  ;  or  ir.a  intenance .  Tests  to  measure  rates  of  corrosion  of  buried 
:-e"  i]  i.or-o ...  L  ed  by  the  National  Bureau  of  Standards  from  1910  to  1955  (.Koman- 
■  ■;  !  :  a-,  ■  ;  pri'tide  thita  for  estimating  corrosion  rates  for  galvanised  and  plain 
..feel,  in  a  :\:nge  of  pH  environments.  Rates  of  corrosion  are  used  in  estimat- 
j  to’  the  me  t  <1 1  t  h  ici\ne,s:i  that  may  be  lost  over  the  design  life  (..f  the  struc¬ 
ture.  I'eta!  thicknesses  are  used  that  will  provide  sufficient  reinforcing 
..ip.icii'.  at  tne  end  of  the  design  life,  after  reduction  of  thickne.''s  by 
Cl) r  ros  i  on  . 

Tiif  pc'lymer  materials  used  in  Tensar  (leogrids  are  chemically  inert 
in  most  environments,  an  advantage  for  longevity.  No  reduction  in  area  or 
strength  due  to  corrosion  or  other  chemical  action  is  made  in  selecting  de.sign 
loads  f ;r  the  polymer  geogrids.  The  material  does  creep  appreciably  under 
lo.ad,  cir'id  Che  reinforcement  loads  used  in  design  are  selected  considering  the 
creep  strains  expected  over  a  design  life  of  120  years  or  more. 

'  1? ‘  i  L'  i  ’  ^ 

.  I'esign  of  reinforced  wil's  involves  two  t  .pes  of  cons  iderai  i  ons : 
a  .  enui  1  stalii  1  i  tv  . 

b.  Reinforcement  cap.icity. 

ibi-  ■'  d:,r<s  used  to  ensure  exteriicii  st.ihilltv  are  e.ssent  i  a  1  i the  s.ame  as 
:  •  I  'b  t  ev.iin.ite  stabilitv  of  conventional  grav  ity  and  cut  t  i  lever  walls. 


I  lie  reintorced  /  one  if:  considered  as  a  block,  and  its  safety  with  respect  to 
sliding,  overturning,  and  hearing  capacity  is  evaluated  using  equations  of 
s'atic  equilibrium. 


42.  ilesign  for  reinforcement  capacity  considers  the  stress  in  the  rein- 
orcMig  elements  and  the  possibility  of  pullout  failure.  Field  measurements 
have  shown  that  the  peak  stress  in  the  reinforcing  occurs  at  a  distance  behind 
the  lacing  equal  to  about  three  tenths  of  the  wall  height.  The  length  of 
reint'.  rcing  behind  the  plane  of  peak  stress  is  the  grip  length,  where  resis¬ 
tance  to  pulicut  is  developed, 

41.  'Ihe  design  procedures  used  by  the  Reinforced  Earth  Company, 
iiilijker,  ar.d  VSL  are  very  similar.  These  are  shown  in  Figure  10.  The  width 
it  the  reinforced  ;:one  (B),  equal  to  the  length  of  the  reinforcing  elements, 
is  stciOiiard  ized .  The  minimum  width  used  is  0.7H  or  0.8H.  Larger  values  of  B, 
uj  tc  l.l'l,  irc  used  for  low  walls  and  severe  loadings  conditions.  Surcharge 
ii'eidings  on  the  backfill  are  considered  in  analyzing  both  external  stability 
e.nd  internal  stability. 

4(.  The  procedures  used  for  design  of  Tensar  Geogrid  walls,  while  the 
..anie  in  principle  as  those  shown  in  Figure  10,  differ  in  some  respects.  The 
reinforcing  extends  a  constant  distance  behind  a  plane  inclined  at  45°  +  ip/2 
trow  the  horizontal  and  is  thus  longer  near  the  top  of  the  wall  than  at  the 
huttoir.  The  procedures  used  to  evaluate  safety  against  overload  of  the  rein- 
forcemenc  and  pullout  are  similar  to  those  shown  in  Figure  10. 

■■4,  The  design  procedui  f.us  used  by  all  of  the  distributors  discussed  are 
fo.u  Jrd  ..I!  solid  principles  of  soil  mechanics,  properly  tempered  with  labora- 
Cnr,.'  (.'’sr  results:  and  field  experience.  As  noted  previously,  all  of  the  cnm- 
pan  I  s  h.i'.  e  engineering  staffs  who  can  provide  assistance  with  de.sign  when 
required.  it  is  thus  not  necessary  for  an  engineer  wishing  to  use  one  oi 
these  systems,  oj-  to  explore  its  usefulness  for  a  particular  project,  to  be 
fuil\  Versed  i ::  ali  of  the  detailed  aspects  of  its  design. 

I’e  1  f  o  rmanc'  e 

4n.  w..e  advantage  of  reinforced  walls  as  compared  to  conventional  con- 
:  rete  wall:  :  tliat  they  arc  more  flexible  and  th.us  better  able  to  withstand 

d  1  i  •  e  re:: '  .  1 1  leme  n  i  s  without  di.stress.  The  reinloreing  elejiient'-  Lan 

■  ):v.  i  <ie  I  ub  1  e  distortion  wi  tliout  ill  effects,  and  the  articulated  lac- 
in,'  y.ire’,  .  ,ir.  ommcKJa  t  e  some  dilferential  setllemeius  u,.:'':c'e.  Tiie 

Me/.i:  i'l  !.i  ing;,  e.sed  on  the  Hllliker  Welded  Wire  Walls  and  ti;e  Isosii 
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wraparouiui  i.eogr '!  d-re  int  orceci  walls  are  even  better  able  to  tolerate  differen- 
;  i  0. !  I'ovindation  movements,  being  even  more  tlexible  than  the  other  types  of 
; ac i ng . 

Co:;s  t  rue  t  liT  and  cost 

4.'.  One  ot  the  princioal  advantages  of  all  of  these  reinforced  wall 
.'Vsfemr  i '■  tiuit  the\'  can  be  constructed  using  relatively  snail  equipn;ent. 

Crews  ot  ; our  or  live  workers  are  common.  Depending  on  the  neight  of  tlu> 
wall,  cc  ns  t  r  uc  t  ion  rates  from  about  700  sq  ft  per  shift  to  l,t)00  sq  ft  per 
shirt  have  been  acliieved.  The  rate  of  production  increase.-  as  tiie  height  c'f 
wai  l  d e c  T' e a e s  . 

According  tc'  the  m.anufacturers  of  these  systems,  co.sts  per  square 
f'U't  .n*  Wi.  1  L  are  arnut  one  half  o!  the  cost  of  convent  i  on;-:  1  concrete  gravit> 
u  c  i;:  t  i  ie'.  e  r  Wills.  Co.'-'t  figure.s  developed  by  the  federal  b’ighway  Admii  - 
istrati.  I,  in  !  7 1  indicated  costs  [)er  square  foot  fur  keinforceci  lAirth  wall.*- 
wert  ’.e--s  !cr  1 '.'W  wjIIs  than  for  high  walls,  the  per  square  foot  cost  lor 
. ' :  t -hi  gii  w;ilis  beinc  (uily  about  ‘.0  percent  a.s  great  a.s  for  jc  ft-high  walls, 
'.bin  '-tro;,g  iniiuenco  of  wall  height  on  the  cost  per  square  fciot  is  interest¬ 
ing  .ind  wnrrli  noting.  Costs  also  depend  on  job  location  and  the  accessibility 
the  site,  a:-i  well  as  on  the  cost  of  suitable  backfill  material.  Cost.s  per 
square  f  jot  in  1  9hi-,  probably  average  somewhere  arou;:d  S.?5  to  per  square 

fes  t.  ihe  m.-inufacturers  of  these  system..^  .-ire  able  and  ..illing  to  assist  with 
'uist  estimaies  on  particular  projects  if  desjrec. 

Summary  ;nul  (one fusion 

40.  Seepage  berms  provide  an  effective  and  reliable  means  for  control- 
1  e;- c  es.s  i -.'e  seepage  from  the  foundation  .'it  the  downstream  side  ui  dams  on 

■cil  nndat  i  oils  .  .leepage  berms  restrain  the  toui-'cia  t  ion  soils,  increasing 

•  o'et  witri  respect  to  erosion  and  piping  in  periiids  of  high  water.  Berms 

:  <  n r  rue  t  ed  I'f  permeable  material  are  more  effective  than  those  constructed  of 
;  rrpe  rme  )  1 -j  or  semipermeable  matei  ials,  in  that  the  same  Uegree  ui  siifety  can 
'  I  ii ;  ■  Hd  With  much  less  material.  As  shown  in  the  first  section  of  this 

p. ,  r  -.-rr.s  cfinstructed  ot  material  liaving  permeabi  1  it  ie.'-'  as  high  cr  higlier 
t  ‘I'und  ,»  soil  need  be  onlv  ahf'Ut  one  fcur  tii  as  wide  and  half  a.s 

ii-i  -  ''t-r-s  '  f  less-  permeal^le  soil.s  and  would  tiius  ii.t'.'t  only  abcut 
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one  eighth  ar.  much  volume.  There  is  thus  a  clear  ad\’antage  to  constructing 
berms  of  permeable  materials  whenever  possible. 

50.  The  extensive  mathematical  studies  made  by  Barron  (1984)  provide  a 
valuable  basis  for  estimating  the  widths  and  thicknesses  of  berms  required  to 
achieve  a  given  lactor  of  safety  against  uplift.  The  first  section  of  this 
paper  presents  a  simplified  approach  for  estimating  the  width  and  thickness  of 
De>ms,  babied  on  Barron's  mathematical  studies. 

51.  The  second  section  of  this  paper  discusses  the  use  of  reinforced 
walls  and  slopes  for  seepage  berms,  in  cases  where  that  nay  be  desirable.  The 
chai  ac  t  er  i  s  t  i  c.s  of  foul  difierent  proprietary  systems  for  constructing  rein¬ 
forced  walls  art  discussed:  Reinforced  Earth,  Hllfiker  Welded  Wire  Walls  and 
keini creed  Soil  Embankments,  VSL  Retained  Earth  walls,  and  Tensar  Geogrid- 
Lcinfcrced  walls  and  slopes.  These  systems  have  been  used  previously  for 
applications  such  as  marine  structures,  erosion  control,  stream  protection, 
and  coa-tir-a  structures,  and  all  appear  to  Fiave  potential  ior  use  in  reinforc¬ 
ing  .-eepage  berms,  as  well  as  for  a  variety  of  other  applications. 

5.'.  The  characteristics  of  the  four  reinforcing  systems,  and  the  meth¬ 
ods  used  tor  their  design  have  been  discussed  in  detail  and  summarized  in 
Table  J  and  Figure  10.  Their  advantages  as  compared  to  conventional  concrete 
walls  include  lower  cost,  rapid  construction,  and  greater  ability  to  accommo¬ 
date  differential  foundation  movem.ents  without  distress.  All  of  the  distribu¬ 
tors  of  these  systems  employ  engineering  staffs,  and  detailed  information  and 
design  assistance  are  available  to  engineers  wlio  want  to  determine  the  cost 
and  the  teclur'cal  potential  oi  these  systems  for  use  on  a  particular  project. 
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F  =  factor  of  safety  against  uplift 

=  buoyant  unit  weight  of  blanket 

Y  =  unit  weight  of  water 
w 

Definitions  of  other  terms  shown  in  Figure  1 


Figure  2.  Formulas  for  calculating  required  berm  lengths  for 
infinitely  permeable  and  impermeable  berms 
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PLASTU'  CONCRET!-:  CUTOFF  WALLS 


Ceorge  J.  Tamaro 

Mueser  Rutledge  ConKulting  Engineers 
introduction  tu  Slurry  Wall  Technology 

1.  There  are  basically  three  methods  of  achieving  an  impermeable  cutoff 
wall  using  slurry  wall  techniques: 

a.  Soil-bentonite  backfill  slurry  trench. 

£.  Cement-bentonite  backfill  slurry  trench. 

c.  Plastic  or  rigid  concrete  backfill  slurry  trench, 
i  1  - b enton i te  bac kfill  slurry  trenches 

2.  Soil-bentonite  tSB)  backfill  slurry  trenches  are  excavated  in  a  con¬ 
tinuous  mani'.er  to  practical  depths  down  to  100  ft.  For  depths  of  approxi¬ 
mately  5''  ft,  excavation  is  performed  by  hydraulic  backhoe  or  drag  line 
excavators.  For  depths  in  excess  of  50  ft,  a  combination  of  either  backhoe  or 
drag  line  and  clamshell  operation  is  necessary  to  effectively  per' orm  the 
e;':cdvat  ion .  A  chisel  is  used  to  excavate  hard  lenses  of  soil  or  rock  and,  if 
necessary,  to  cut  a  key  into  rock.  The  slurry  trench  excavation  is  kept  open 
by  replacement  o[  excavated  soil  with  a  bentonite  slurry.  Bentonite  slurry 
-tnbilii:es  the  sidewalls  of  the  excavation  until  such  time  as  a  mixture  of 

sej 1  and  bentonite  slurry  can  be  replaced  in  the  trench  to  provide  the  perma¬ 
nent  cutoff  (Figure  1).  This  procedure  is  most  appropriate  in  shallow 
trerriies  (depths  down  to  50  ft)  where  the  backhoe  can  efJ'ectively  dig  a  con- 
tiiHKVis  trencii  without  the  need  for  clamshell  or  chisel  operation.  The  thick- 
ne.'os  of  tfic  soil-bentonite  backfill  is  usually  related  tc  the  l-.ydraulic 
graJieiu  i  (pres.sure  diiferentia]  in  feet  of  water  divided  by  the  wall  thick- 
•i.',;;  in.  feet),  wiu  ch  is  a  measure  ol  the  hydraulic  head  diflerertial  across 
rte  cutoff  waii.  Conventional  practice  suggc.sts  that  a  ma.xjme.m  gradient  of  10 
'.usinv  a  f.ictor  of  safety  of  3)  be  applied  to  soil-bentonite  ciitofts  in  order 
c  oi  it;  i  n  i  m  i /,  (■  the  possibility  of  citber  hydraulic  fracturing  or  migration 
.  i  ISOS  undt.  r  livdraulic  gradieiu.*  These  <.riteria  may  be  excessively' 

*  For  a  moT'e  comiilete  discussioi.  of  the  blowout  requ  it  ement  s  of  sojI- 
hijMtonite  sliirrv  trench  cutoffs,  see  EM  1110-2-19U1,  pp  9-24  to  9-25. 


conserv;i  t  i\’e  n'l'l  .iie  more  often  than  not,  not  follower!.  There  criteria  would 
receive  a  v-it-thirk  sc'i  1 -hentonite  backfill  slurry  trench  ‘‘or  a  cutoff  wa '' 1 
exteivlir.t:  '0  ft  ’'e'ow  eround-water  levels.  Because  of  th.e  nature  n!  rhe  geol¬ 
op'.'  .It  certain  sites,  it  may  not  he  econoirleal,  practical,  nr  even  possible  to 
exca'.-are  to  a  full  S-ft  width.  laboratory  tests  on  properly  desiened  and 
I'lended  ^."ckfill  indic'jte  permeabilities  la  the  r.^pee  of  I  x  'c  to 
1  X  '  I  ( ■ "  'Set'. 

Cement-bentoni te  harkfil'  slurrv  trenches 

?.  fement-bentouite  f(iBl  slurry  trenches  are  exc.':vated  either  as  a  con¬ 
tinuous  trencbi,  as  described  in  the  foregoing  paragraph,  o'-  in  panels,  that 
is,  a  seiinentpd  wall  excavated  as  shown  In  Figure  2.  The  cement-bentonite 
s’urt'.'  trench  differs  from  the  foregoing  technique  inasmuch  as  a  mixture  oi 
cement  and  bentimite  in  slurrv  form  is  substituted  for  rhe  conventional  benton¬ 
ite  slurrv.  ■^hc  cem.ent-bentoni  te  slurry  provides  3  two-fold  'unction.  i-'irst, 
it  supports  the  trench  during  excavation,  and  second,  it  provides  the  perma¬ 
nent  backfill  material  tor  the  trench  as  the  cement  bentonite  solidifies  in 
place. 

-1,  Because  of  variations  in  the  geology  at  certain  sites  where  the 
occurrence  o:'  varif'u.s  hard  and  soft  materials  makes  it  difficult  to  predict 
and  estimate  accurafelv  th^  rate  of  progress  of  the  ‘rench  excavations,  it  is 
possit'ie  that  r*'’’  cem.ent  bentonite  would  harden  in  the  trench  at  a  rate  faster 
tha".  rbo  r.ite  of  excavation.  As  a  result,  it  becomes  necessarv  to  recxcavate 
c  .^n  t  op ;  r wiilrb  ppe;  hardened,  wasting  a  significant  portion  of  com¬ 
pleted  work.  I  eme'it -bentonite  backfill  undergoes  shrinkage  and  cracking  dur¬ 
ing  Jr-.  i".:;  larce  var  iations  in  ground-water  levels  can  render  this  backfill 

per-'joMs  if  dr’-ing  occurs.  I  ahorato’-v  tests  on  properly  designed  CB  backfill.s 

—  . 

iod'rate  'uj  rr.ep'- i  1  ;  t  1  es  of  ahoiit  1  x  10  cm/sec. 


IT-asr-'r  (  ,  ricrete  b,ick!~ill  slurry  tranches* 

0.  ''Mastic  couriete  fP(’)  backfill  slurrv  trenches  are  constructed  in 
panels  ns':',’  the  f'l'' 1  I 'iw  i  rc  nroreduif  frigure  2).  First,  a  panel  is  excavated 
1"  aucer  1 1  ,  ha.'  kl  nc  .  and. op  c'lam.shell  bucket  (Figure  4)  d-own  to  the 


,  I’-.pr,'.  a,.  _ 


y  xc.av.i  t  ;  i -n  is  filled  with  a  bentonite  stahilic- 


Inp  s]iir’'.'  a'.;  the  exca'-afion  .idv.'ivn  ps  downward.  At  the  comrpletion  of  the 


’ '  '  '  mi  i  X  p  ■ 

' ;  a  1”  ■  nb  s  . 


;.T  d  -or’-^t  rue  t  i  on  o!  I’m  cutof*  wa  1  1  s  is  covered  in 


.■V 


excav<iCion  oi  a  panel,  the  bentonite  slurry  is  cleaned  through  a  desanding 
i>perdtjon  (Figure  3!'.  The  panel  is  then  filled  with  a  specially  designed  PC 
rp.ix  (Figure  n  or  9).  The  PC  mix  is  designed  to  provide  ultimate  strengths 
t  '  at  18  days  in.  the  range  of  500  to  1,000  psi  (Figure  12)  and  nominal  per- 
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meability  k  oi  approximately  1  x  10  cm/ sec. 

n.  Ill  i  method  is  most  practical  for  the  construction  of  deep  cutoff 
walls  in  dense  soils  and  soft  rock  requiring  a  key  into  impervious  strata 
since  excavation  can  be  performed  in  panels  using  heavy  clamshell  buckets  and 
chisels  to  remove  hard  lenses  of  soil  and  rock.  The  method  is  not  time- 
dependent  inasmuch  as  panels  can  remain  open  for  as  long  as  necessary  to  com¬ 
plete  the  excavation.  The  method  can  be  used  in  remedial  work  on  existing 
dams  and  levees  since  the  short  panels  are  stable  and  cause  minimal  disruption 
Co  ei'-i  St  ing  soil. 

7.  Due  to  the  low  permeability  and  high  strength  of  the  PC  backfill  it 
is  possible  to  use  a  thinner  cutoff  wall.  Furthermore,  PC  backfills  have 
sufficient  structural  strength  that  hydraulic  fracturing  or  migration  of  fines 
under  hydraulic  head  is  not  of  concern.  For  this  method,  the  thickness  of  the 
cutoff  wall  is,  in  most  cases,  dictated  by  the  minimum  width  of  the  excavating 
tools.  With  2-fc-wide  tools  the  panels  can  be  excavated  to  depths  far  in 
excess  of  100  ft. 

8.  This  method  is  an  extension  of  the  conventional  slurry  wall  technol¬ 
ogy  that  has  been  successfully  used  to  cut  off  seepage  from  dams,  dikes,  and 
levees,  and  to  construct  deep  basement  and  subway  structures  since  the  late 
1940' s. 

9.  The  joining  of  individual  panels  is  obtained  either  through  the 
reexcavation  of  previously  placed  plastic  concrete  when  constructing  adjacent 
panels  (Figure  7)  or  by  the  slip  forming  of  joints  at  the  ends  of  consecutive 
panel'  through  the  use  of  end  stops  or  pipes  (Figures  8,  9,  10,  and  11).  The 
formei  is  known  as  the  overbite  method  and  the  latter  as  the  end  pipe  method, 
idboraii  rv  tests  on  projieriy  designed  PC  backfills  indicate  permeabilities  in 


>!  1  10  to  ]  x  10 


cra/sec,  with  permeability  increasing  with 


(■u i de  Walls 


aide  v.ills  are  essential  for  the  accurate  c;Miti'f)l  of  the  alignment 


and  elevations  .->1'  a  PC  cutoti  wall.  They  serve  as  a  guide  for  the  excavation 


and  prevent  the  collapse  of  the  trench  at  ground  surface, 


Panel  Dimension  and  Arrangement 


11.  Fane!  dimensions  are  usually  controlled  by  both  the  technxcal 
re(iu  irements  of  the  work  and  the  type  and  size  of  equipment  available.  Panel 
lengttis  e;in  be  no  shorter  than  the  length  of  the  bucket  and  no  thinner  than 
the  width  oi  the  bucket.  Short  panel  lengths  are  usually  in  the  range  of  7  ft 
and  should  be  used  in  loose  unstable  materials  or  in  areas  where  there  are 
ver>-  high,  surcharge  pressures  from  adjacent  structures  or  slopes.  Longer 
panels,  ranging  up  to  30  ft  in  length,  can  be  used  in  cohesive  soils  or  other 
.stable  materials.  Wall  thickness  is  usually  24,  30,  or  36  inches. 

12.  The  boti-om  of  wail  elevations  are  governed  by  the  location  of  the 
top  ,il’  reck,  by  the  need  to  embed  the  wall  in  impervious  strata,  and  by  the 
need  to,  prolongate  flow  lines  through  pervious  strata. 

if.  If  the  bottom  of  the  wall  is  to  be  seated  on  rock,  care  must  be 
taker,  t  '  ’.'eriiy  the  Location  and  nature  of  the  top  of  the  rock.  The  top  of 
trie  ri'ck  naisr  he  satisfactorily  cleaned  prior  to  the  placement  of  concrete  in 


trie  panel. 

;  a .  It  trie  b.'jttom  of  the  wall  is  to  be  seated  in  a  rock  socket,  the 
'-.-ck  socket  lid  he  sufficiently  deep  to  provide  the  function  required, 

i.e.,  later.'il  support,  load  bearing,  or  watertightness.  Reinforcing  cages  are 
usually  lot  required. 

r.ons t rue t  ion  Joints  Between  lanei.s 

13.  con.st  rue  t  ion  joints  between  panels  are  achieved  in  a  variety  of 
wc.'.s.  I'rie  most  basic  and  simplest  method  is  the  half-round  joint  formed  by  a 
.stop  ei;d  pipe  or  a  joint  formed  with  steel  wide-flanged  sections.  Less  often 
used  are  joints  formed  by  square-end  buckets  and  joints  Incorporating  .sheet- 
pile  secti'''ns  or  break-away  keys  set  into  the  pour.  Complicated  joint  details 
a.'O  expensive  as  well  as  dlificult  to  install,  and  perform  unsatisfactorily 
■n  'ess  tha  idea!  conditions. 

!l.  Occasionally  the  overbite  method  is  used.  threat  care  mu.st  be  taken 
t'  es.  ';r’  ■'!  liiicnt  overi.ap  and  lateral  alignment.  Overstrength  'roiicrete  can 
ii  V,,  ■  v;  aval  i  ju  of  the-  overbite. 


Design  of  Plastic  Concrete  Mixes 

17.  Plastic  concrete  mixes  incorporate  various  proportions  oi  cement, 
bentcnite,  fly  ash,  local  aggregates,  and  local  water  with  the  intended  pur¬ 
pose  of  providing  an  economical  mix  that  is  easilv  placed,  highly  Impervious, 
and  resistant  to  local  permeant  water. 

18.  Because  of  variations  in  rviterlals,  mixing  equipment,  and  skilled 
labor.  It  is  difficult  to  recommend  a  specific  concrete  mix  design;  however 
there  are  several  rules  that  should  be  followed  in  the  design  ot  Che  mix. 

Hard  gravel  is  preferred  over  crushed,  gap-graded  stone;  the  aggregates  used 
iTt  the  mix  should  be  veil-graded.  A  sandier  (45  to  50  percent  sand)  mix  slmi- 
l;ir  to  pump-crete  mix  will  flow  better  in  a  cremie  pipe  and  throughout  the 
panel  and  is  therefore  prererred.  Plasticizers  and  air  entrainment  mixtures 
are  recommended.  Design  mixes  should  be  of  as  low  an  ultimate  strength  as 
practical  (.less  than  lOOU  psi)  (Figure  12)  and  should  be  designed  and  tested 
with  er.c'ugi'.  water  to  guarantee  that  an  8-in.  slump  will  be  achieved. 

IP.  Tests  should  be  conducted  to  determine  the  lowest  practical 
strength  for  the  intended  use.  A  low  modulus  of  elasticity  and  high  strain  at 
tailure  are  desirable  (Figures  13  and  14). 

20.  It  is  Important  that  all  personnel  involved  in  the  execution  of  the 
work  understand  that  an  8-in.  slump  is  essential  for  the  proper  casting  of 
panels  and  that  the  field  staff  will  not  be  permitted  to  tamper  with  the  mix. 
Laboratory  testing  of  the  mix  should  be  performed  to  determine  the  following; 

a.  Permeability  with  site  water. 

b.  Dltimatc  strength. 

c.  Modulus  of  elasticity. 

d.  Strain  at  failure. 

Concrete  Placement 

21.  1;  excavations  are  performed  in  lino  sand,  or  witli  percussion  tools 
used  to  drill  boulders  or  I't-drock,  it  is  imperative  that  the  p-'iel  be  cleaiu'd 
prior  to  ilic  placemetit  ot  the  (Oiii.rete.  Otherwise,  fine  .sand  part  ic  les  wi;l 
Settle  to  the  bottom  c. ;  ttu-  panel  oi  ,  if  held  in  .suspension  hv  the  leit  ■•itc, 
wii  i  m.  i  with  the  cciicreti.'  and  lorm  pockets  ol  "mud"  in  the  p.inel. 


Pine  I  cloaniiu:  ran  be  dfire  hv  an  airlift  imd  de?ander  (Figure  “i)  at 


the  trer.ili,  bv  con.p''t'te  replacement  ot  contaminated  bentonite  with  fresh 
'  r: ;  1 1' ,  or  b\'  cleaning  th.e  i'ottoir.  with  a  "toothless''  clamsliell  bucket. 

s'iog'e  ,S-  or  lO-in.-diam  frenie  pipe  central  ]v  located  within  the 
pr.ei  :  eco"Tei'dod .  The  tremie  hopper  should  be  large  enougt;  to  receive  the 

o  oas  i  1  surge  o*  concrete  aivd  prevent  the  spillage  o'  concrete  ^rom  the 

'c'-.pf.T-  Into  rhe  trenc'n  (Figure  '!). 

I'  e  concrete  p''>ir  should  proceed  as  ro'pidlv  a:  possible.  However, 

;  <■  -'■'.u'.i  ■•'wr.’:'  he  rimc-d  in  such  a  manner  that  a  ceuifinupus  placement  of  con- 
;  rete  is  i  i  n  t  a  i  n-r'd  .  I'isruptions  in  the  de'iver-.,  ce  concrete  guarantee  a  cold 
Flint  :n  t'^e  panel  uni  a  !uture  source  of  leakage. 

At  t'e  ''iclusion  of  concrete  placement,  the  stop  end  pipe  must  be 
i.re'  i'r''"  t'r.e  eycavat  ion ;  it  must  be  rem.oveF  at  a  rate  slow  enough,  that 
‘  1-'  ne'.e’'  rn  'sed,  a'-o’.e  tl;e  ieve'  at  which  the  coiu  rere  has  already  set  and 

■’  a  rite  !  cough  that  the  pipe  will  not  become  stuck  within  the  panel 

'-■•'cu-e  (-y,,  overhite  method,  the  concrete  is  pecmltted  to  set  and  gain 

■  i-c'  '  rsc.gt  ii .  i'\c  cvatior  of  an  adjacent  panel  must  take  place  ttithln  a 
' •  r  perF':'  tine  in  order  to  permit  easy  removal  of  the  fresh  concrete. 

'Hialltv  of  the  In-Place  Concrete 


,'i  ct'rnertlv  designed  miy  has  ’-'een  prope’Cv  rlai.'ed,  it  is  almost 
i", puss  ill  I  e  '  tlie  civicrete  not  tc-  .chie'-e  its  designs  strenethr.  (The  prob- 

1  e"’,  is  th.'it  the  conri'ete  usu.'.llv  exceeds  desirerl  strength.!  Fxperience  has 
'■■'own  thit  cvlir.ders  tCKen  hiring  tiio  pour  usual’.'  show  concrete  strengths  10 
to  50  percent  greater  than  the  strength  speci^'ied,  and  that  cores  taken  from  a 
vail  even  under  the  most  d  is  vdvantaerous  placement  of'nditlons  a’'e  apt  to  have 
streugchs  ecual  (■',  or  more  than,  ‘.h  peucen:  greater  tli.-in  tlie  strength  speci¬ 
fied.  The  goal  in  pla<^tic  (amrrete  mi.xes  i  -  t  ■  trhfn'n  a  low  strength,  low 
'.'..yduliis  i' »  e  1  a  s  t  i  c  i  t  y  ,  anri  -.igT:  strain  at  failure  (Figure^-  '  to  I'*'). 


u  r-'n  v  ,  ”’,1 1  p  r  ai'f  e  s  ,  an.'''  finish 

r  srr'ntF'U  .'icr  ur  u  •  ■•nd  fin-‘''ues  are  depencei't  upon  the  geologv  of 
;to  'S',  r!  ,•  .  n  t  r  ,r  r- r  (  I'  ■.  skill  an!  tools.  '’■■ovevt^r,  properlv  executed 
ru  :  1  -  u  1  '  ‘^.r’l  withii-  the  t-i’  lowing  tolerance^-: 


I  Ih 


The  vertical  joint  at  the  end  of  a  panel  formed  with  an  end  pipe 
should  fall  within  o  in.  of  the  specified  location.  The  wall 
should  be  within  1  percent  of  verticality. 

28.  Properly  executed  cutoff  walls  are  watertight  throughout  the  panel. 
Occasionally  seepage  will  occur  at  the  vertical  joint  between  panels  or  at 
cold  joints. 

29.  Leaks  are  the  responsibility  of  the  slurry  wall  contractor  and  will 
be  sealed  with  cliemical  or  cement  grout  inserted  into  the  soil  directly  behind 
the  wail  at  the  location  of  the  leak.  Occasionally  grout  pipes  are  placed 
directly  in  the  joint  and  pressure  grouted  after  the  concrete  sets. 

Conclusions 

30.  Plastic  concrete  cutoff  walls  can  be  successfully  constructed  to 
depths  in  excess  of  100  ft  in  various  geologic  environments.  The  walls  can  be 
keyed  into  hard,  imnervious  strata  and  can  be  joined,  panel  to  panel,  using  a 
variety  of  techniques. 

31.  High-strength  impervious  concrete  backfills  can  be  obtained  using 
mixtures  of  coarse  and  fine  aggregates,  cement,  bentonite,  and  fly  ash.  Low 
strength,  low  modulus  of  elasticity,  and  high  strain  at  failure  are  desirable 
properties . 


SI 


Figure  2.  Panel  wall  construction 
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INC  AS  A  CONSTRIICTION  EXPEDIENi:','  FOR  EXCAVATING 
('I'TCVF  TR’-'NCHES  AND/OK  INFTai.EAT ION  OF  DRAINS 


-John  A  Sp'.ister 
'  -eoct-ntrlc 

Backgi  oiiml 

['".tMi’led  cro!ir<!  freezing  for  mining  and  construction  applications 
has  (it'ps  in  use  for  over  a  centurv.  Despite  the  great  tech’iol  oglcal  evolution 
vhlc'n  has  ocourrta  during  this  period,  the  application  of  new  developments  to 
:  he  oit.  pi  gri.urd  freezing,  esjiecial  ly  in  the  I'nited  States,  has  been  slow, 
hens  i  cie  I  i  ng  rhe  '"act  that  freezing  is  a  more  widely  specified  and  siiccessfully 
uset'  rnsfruc.'  .'(.n  procedure  in  Europe  and  Asia,  and  that  common  alternatives 
norma  !ly  useti  t;';'  temporarv  construction  arc  hecom.ing  more  costlv  in  the 
hr,  it  'd  states,  jr  it  important  that  I'S  industrv  hecom.e  aware  of  this  important 
c  cUiS  t  r';r  t  i  r  t  e  sim  1  rjue  . 


Purpose  and  Scope 

.  Tr  view  of  the  current  state-of-tiie-art  .  It  is  desirable  to  examine 
ground  f*'eezing  in  light  o!  re( eut  technical  developments,  together  with  high¬ 
lights  (;n  some  of  the  apparent  advantages,  disadvantages  and  economics  of  the 
sarioMs  altnrvative  c  oi'.st  nio  1 1  on  approaches.  The  purpose  of  this  paper  is  to 
attes’pt  .  rie' iv  such  am  examination,  with  particular  emphasis  on  the  practical 
application  ('f  r-rescntlv  availar  le  rechnoiogv. 

.''ascription  of  hons  t  ruo  1 1  f'n  Ground.  Freezing 

(.  -round  freezing  emp.lovs  the  u.so  '-1  ref  i  igerat  ion  to  in-^  ito 

p--r  ■  water  to  i\  e  .  T'le  ice  then  icts  .is  .a  .;ement  or  glue  bonding  together 
acjacerit  j-arr  ir'.-:  of  soil  .rr  blocks  of  rock  to  iiK  rease  their  rombircc 
.t'-.-ncth  are'  -  -he  tiieni  i  I'-po  rv  i  ous  .  I'c  is  the  onl-,  tiling  that  ■  -  kes  irozeu 
grour.d  dif^'er.'r.r  f'Sin  iinfiozeri  >',round.  It  is  tlie  key  oompi'neiit  .-I  t  r  :,tem, 
-a'c  ito  meci'.auii  al  propertiis  are  much  more  depend,  ru  on  time  and  temper  ,1  urt 


I'ol  lowiiH’  : 


Essenti;iliy  all  ground  freezing  projects  require  one  or  more  of  tlie 

a.  Structural  support  by  stressed  frozen  eartii,  or 

b.  Structural  support  by  the  mass  of  an  essentially  slightly- 
stressed  zone  of  frozen  ground,  or 

c.  Ground  water  control  by  an  impervious  frozL'n  earth  barrier. 

5.  (.'round  freezing  may  be  used  in  an>  soil  or  rock  formation,  regard¬ 
less  of  structure,  grain  size  or  permeability;  however,  it  i ;;  better  suited  to 
soft  ground  rather  than  rock  conditions.  Freezing  may  be  used  for  analysis, 
shape  or  depth  of  excavation  and  the  same  physical  plant  can  be  used  from  job 
to  job  despite  wide  variation  in  these  factors. 

6.  Freezing  is  normally  used  to  provide: 

a.  Structural  underpinning, 

b.  Ground  stabilization, 

c.  Temporary  support  for  an  excavation,  or 

d.  To  prevent  groundwater  flow  into  an  excavated  area. 

.•'\s  the  iiTiDervious  frozen  earth  barrier  is  constructed  prior  to  excavation,  it 
generally  eliminate.s  the  need  for  additional,  ground  support  or  dewatering,  or 
the  concern  for  adjacent  ground  subsidence  during  dewatering  or  excavation. 
Fow'ever,  lateral  groundwater  flows  may  result  in  failure  of  the  freezing  pro¬ 
gram  if  not  properly  considered  during  planning.  Further,  though  subsidence 
may  not  be  of  concern,  ground  movements  resulting  from  frost  expansion  of  tlie 
soil  during  freezing  may  occur  under  certain  condition.s,  and  this  potential 
must  be  considered  in  planning. 

7.  Gontrary  to  popular  belief,  freezing  can  be  completed  rapidly  if 
nece.s.^arv,  or  desirable.  However,  the  freezing  rate  can  be  directly  related 
to  ovt.  r  ail  costs  and  rapid  freezing,  particularly  with  l  iquid  :,'i  trogen  or  Liq¬ 
uid  (Fi'hon  Dioxide,  is  relatively  more  costly  than  slower  freezing. 

f.  Frozen  ground  behaves  as  a  visco-plastic  material  with  strength  prop 
ertic's  wi.ich  are  fjrln.arily  dependent  on  the  ice  content,  duration  ot  applied 
1(0. d,  and  the  temperature  (.>1  tb.e  grou:id .  The  type  anu  texture  of  the  ground 
are  relative]','  less  impoit.ont.  For  this  reason,  a  frozen  groined  barrier  is 
extrenie';,’  versatile.  V.ithiii  lii'iit:-..  )t  is  relatively  insensitive  to  advance 
geoliiyi(,  ;■  1  ed  i  c  t  i  or  .  11:  i  s  i  .>  p.  r '  '  t:  u  La  r  1 ..dvantageo'us  f;  r  tunneling  by  chang 
i  I  ti'e  t  eirqje  ra  t  n  re  or  (ii, t  1 1  ni  o!  loading,  it  will  usually  lie  possible  to 


accommodate  all  t3pes  ui  ground 


ditii'n.s  on  o  pr'iicoi  uitfi  one  Iroezing 


scheme . 


Initial  Fva  luat i  in.  oi  Technical  ieasilility 
Si te _ related  factors 

9.  A  briet  examination  of  the  o'.a-T^ill  site  gm  iogv,  togi'ther  with  the 
geometry  of  the  planned  excavation  relative  to  existing  structures,  is  proba¬ 
bly  the  first  step  i  liriiting  the  practical  'const  ruct  ion  a  1  t  ertui  t  i  vet  for  a 
pr'oject  -  whether  an  open-sur  t  a.,  u  exca.vat  i  r.i,  or  a  suhsur!  ji:e  excavation,  such 
as  a  tunnel. 

a.  i-xravat  o'u  geometry  -  i. -on;  igurat  ii  n ,  depth,  .space  for  open  cut, 
pro.' rmity  to  e;-i.<-  firg  .structure;  ii.c  utilities  (above  and  helow 
ground  1 . 

A  irccer.  earti;  h.imer  wiii  uoriii.i .  I ' '  he  <i  mete-',  or  more  tliici,; 
hence,  rav  regarre  '^^reater  i  ie.irance:',  ''Ui  it  i  .s  not  iimited  by 
dept!  ,  c.s  s  iv  piling  "r  dewatering  W'uld  be.  A  I  rozen  barrier 
coi  siso  be  i:n.  a],ed  ii.  .my  geoi'ictry  and  an',  .mgle  iron,  verti¬ 
cal  to  hri/ontci.  I'u  r  t  he  r  rote  ,  i-  it  is  inst.'Med  prior  to 
excavation,  it  '  .i  .  t’lP.ci;.;'  a:-  unde  t  a  i  nr  i  ng  fer  adjacent  struc¬ 
tures  d:  Well  a.s  excavation  supptrt  .mu  groundwater  control. 

b.  Soil  and  rock  coniiitions  -  Hecause  a  frozen  i-irth  barrier  is 
leu.s  serisititu.  to  geolc'gic  con<1itions  anri  prediction  tfian  other 
ai  tel  iiat  ices ,  it  is  pr>.'b.ibie  tli.d  site  geology  will  irequently 
be  the  main  rea--.C'n  lor  selto  tirg  freezing. 

P'rcezirg  is  atii.utive  where  pile  tiriving  depth  is  limited,  or 
where  dri.ii.g  is  diflituit  c'r  'would  cause  unwanted  .se  1 1  lement  .s . 
i'reezing  c.in  be  to.ndiuted  in  are. 15  une'e  r ;  a  i  n  by  bui'ding  rubble, 
pilt'S  '.rd  old  [ounuatjon  'w'leco  ('the:'  alternatives  ’..ould  be 
e’Atremel  -i  i :  i  i  c  u  1  t  .  .bolt  ot  ruining  grirurul  and  high  'at'oril 
.st'ii  or  w.iter  [i  i  e  s  ,  ■  I'-r  free.';  di'il  and  'o  cV  profiies 

which  are  to.,  ..e  t  e  r  ('C‘m  ecu  s  i.,  gr..:i,ir  p  red  i  c  t  ab  Iv  m.a-.  vc.idily  be 
‘  r  o .  •  e ;  I . 

()n  Che  nci.yitive  side,  sc.;  Is  oi  '  ow  thermal  c  mnduc  t  i  v  i  t  su,:h  as 

'-ill'  ,ird  cl, vs,  r-r  ;  o'-'-ga'' ;  c  ;  e.i  'hevs,  t,;ke  .i  lo;',y  t  im'-  to 
Irec.'e  and.  hav--  poet  t  rue  t  u  r ;. !  prop.,:  tic;  when  (lor.en.  [depend¬ 
ing  ci'  ■  1,0  s  [le  c  J  1  1  ■  C"iS.  i  t  t  so;ne  I  i  '  v  o'  , 

■J  o  i  •  rgo  c  .  1  i  de  r.i  h  1  c  '  i  ni  o  t  r  i  t  i,  >  ii  r  i  <  b ;  ,  :  ,  .  n  . 

in  b  it  e  rogeneou,  ..r.und,  t  I  <■  :  r.u.en  zone  will  'e  irr'gul.if  in 

."hcpc.  rv,'o.  wit:i..":t  i  urn  ■  r  > •  r  v  test'  .i  gc.f'rai  Inonledg^e  ol  the 
■  '  r  >  r  ;  a  i  ;  t  '  i  e  l  r  oz,--:  will  preo  i  <lo  \  i  u  v  1  e  )  i.s  i  giu  as  to  the 

prohahle  sh.ipo  ot  tl.,;  fre  zen  z.  ,;nd  l,;i  ill  tale  pred^ct  oi  of 

t  ,,is.'  or'Z.as  w't.fch  m.v  be  i- 1  i;  'hal. 

.'■'.‘c  a  rule,  in  thi  .il.-ot.ie  ■  ,  lio'.cii:,  w ;  i  e  r .  t!t  .hipe  o:  t  hi 
'rozen  z  ao'  altoj  ,  vJat  l'.'cl'  'holt  :rce.'.ini,  "crioo'  j. 


^  1  "v  ^  ^  ^ 


primarily  dependent  upon  the  irozen  thermal  c  or.duc  t  i  vi  t ;  of  che 
strata.  This  parameter  may  vary  bv  a  faoror  o,  Ciiii)-  •  or  .') 
being  lowest  for  organic  silts  aiid  rlays  ind  ai);hest  for  sard 
and  rock.  In  comparison,  the  perm.eabi  1  it  J  es  of  these  strata 
would  range  over  several  orders  of  magnitude.  it  is  this  funda¬ 
mental  difference  between  the  possible  ranges  of  tiiermal  conduc¬ 
tivity  and  permeability  which  makes  freezing  more  controllable 
than  grouting  in  a  heterogeneous  profile. 

For  any  given  refrigerant  temperature,  the  relatively  thinner 
frozen  zones  will  normally  occur  in  silts,  clays,  organic  soils, 
and  sea-shell  beds.  These  are  also  the  weaker  strata;  tier.ce, 
structural  analysis  and  design  will  frequontlv  be  dictated  by 
these  materials. 

Frozen  bedrock  is  not  necessarily  stronger  than  the  overlying 
soil.  The  performance  of  frozen  jointed  rock  is  largely  a  func¬ 
tion  of  the  joint  system,  and  the  behavior  of  the  interstitial 
ice.  Though  the  ice  will  serve  to  bond  iointed  rock,  the  ice 
itself  has  little  long-term  strength. 

Site  groundwater  conditions  -  Most  of  the  problems  and  failures 
which  have  occurred  on  freezing  projects  have  been  related  to 
groundwater  flow.  If  water  flowing  into  tlte  freezir.g  zone  sup¬ 
plies  energy  at  a  greater  rate  chan  it  can  be  removed  by  the 
refrigeration  plant,  the  zone  will  not  freeze.  For  circulating 
coolant  systems,  the  maximum  rate  of  water  flow  which  can  rou¬ 
tinely  be  frozen  is  of  the  order  of  1  to  2  ro  per  day.  Rates  of 
flow  greater  than  this  require  special  consideration.  For 
liquid  nitrogen  systems,  flows  as  high  as  50  m,  per  day  have  been 
stopped.  However,  the  amount  of  energy  and  rime  required  are 
Increased  substantially.  The  increase  in  required  time  is 
directly  proportional  to  the  increase  in  energy  which  must  be 
removed . 

As  with  most  thermal  considerations,  tlie  spacing  oi  the  freezing 
elements,  the  temperature  and  flow  the  refrigerant  (coolant)  are 
critical.  Empirical  techniques  have  been  developed  for  approxi¬ 
mately  calculating  the  maximum  .spacing  which  t:an  be  used  for  any 
given  temperature  and  groundwater  flciw.  These  techniques  pro¬ 
vide  useful  guidelines,  but  they  are  imprecise.  A  rule  of  thumb 
approach  Is  to  combine  the  normal  refrigeration  load  per  unit 
length  of  freezing  elemer.t  with  the  ;uiditional  load  wnich  may  be 
expected,  for  any  given  element  spacing,  due  ti  water  flow.  The 
refrigeration  plant  selected  must  tlicn  have  a  capacity,  at  che 
prescribed  temperature,  greater  than  these  rom.hj.iud  ioau^  - 
including  a  safetv  factor. 

At  pre.sent  the  critical  factors  viiicli  cenitro'  treeziiig  in  the 
presence  of  groundwater  flow  are  rea.suraib  1  a  cell-know:.  ai;d  they 
have  been  combined  inf'  a  Ci.'n:prel:en.'>  i  vc  an.ilvfii  .ipprc.jcii  ti'r 
design.  However,  .sufficient  data  i  f  m  pt  .'.  ie..  ts  ari-  I'.ot  vet 
available  to  confirm  tiie  design  pj'oreduro.  bens  inor  i-y;  the 
importance  of  rlii.s  i  nl  ormat  ior. ,  additio'-,a!  ii.-iai.l  i  .s  needed  in 
t  h  i  .s  area.  A;;  a  practical  m.a  1  t  e  r  wjit  ri  _^r  n\nn,n..  j  l r  flow.s  are 
expected,  freezing  elef.ent  sp.'a  in,'  shon.d  in  eln.!  .‘.inj  alignment 


ap.cs  shouJd  be  used. 


The  feasibility  of  dewatering  and  the  potential  effect  of 
dewatering  on  adjacent  structures  may  govern  the  selection  of 
the  freezing  approach.  On  sites  where  dewatering  is  either  not 
feasible  or  economically  Impractical,  freezing  becomes  an 
attractive  alternative.  .^Iso,  for  excavations  where  site  or 
work  conditions  require  the  use  of  a  pump(s)  manned  twenty-four 
hours  a  day,  freezing  automatically  becomes  more  attractive. 

The  sane  man  who  would  have  operated  the  pump  can  operate  the 
refrigeration  plants  Instead;  thus  combining  excavation  support 
with  groundwater  control  at  little  or  no  additional  labor  cost. 

Ground  which  is  too  dry  -  say  less  than  lOI  saturated  -  cannot 
be  frozen  unless  w'ater  can  be  introduced  prior  to,  or  during, 
freezing.  This  has  been  done  on  projects  in  the  past,  but 
requires  special  consider.it  ions  . 

Ihe  qaalit'.  of  the  groundwater  may  significantly  affect  the  per- 
tcrmance  of  the  frozen  barrier.  The  presence  of  dissolved  salts 
or  hydrocarbons  in  large  quantities  will  prevent  freezing  or 
reduce  the  strength  of  frozen  material  at  any  given  temperature. 
Because  of  this,  the  salinity  of  the  groundwater  or  the  concen¬ 
tration  of  hydrocarbons  should  be  determined  when  there  is 
doubt.  Further,  where  saline  groundwater  conditions  exist,  fro¬ 
zen  strength  properties  should  be  determined  by  laboratory  tests 
or  extrapolation  of  data  from  prior  tests  on  saline  soils. 
Extrapolation  of  existing  strength  data  obtained  for  materials 
containing  fresh  water  is  not  recommended. 

With  proper  understanding  and  planning,  almost  anything  can  be 
f  rozen . 

Anticipated  loading  -  Static  loads  imposed  by  earth,  water  and 
existing  structural  pressures  will  normally  govern  design.  How¬ 
ever,  dynamic  Joading  must  be  checked  when  applicable,  and  for 
structures  such  as  Class  I  structures  for  nuclear  power  plants, 
the  design  will  probably  be  governed  by  seismic  or  other 
disaster-type  loadings.  In  fine-grained  soils  where  the  soils 
are  confined,  ice  pressure  must  also  be  considered. 

Ground  movement  -  The  settlement,  heave  and  lateral  displacement 
criteria  for  adjacent  structures  and  utilities  will  be  an  impor¬ 
tant  influence  or  ilie  decision  whether  or  not  to  use  freezing. 
Freezing  under  th(?  right  conditions  will  essentially  provide  a 
rigid  support  system  eliminating  any  concern  for  movements  of 
any  kind.  Conversely,  under  the  wrong  conditions,  freezing  can 
induce  movements  which  would  nut  otherwise  occur. 

Two  type  of  potential  ground  irovements  must  be  considered  in  the 
design  of  d  tenjj.crai  V  frozen  ground  sunport  system;  these  are 
mn'.'eTients  uue  to  creep,  and  frost  effects. 

(irouii.d  moveT.ent  s  after  excavation  can  theoretically  occur  due  to 
creep  relaxation  ol  the  frozen  zone  after  prolonged  loading. 
However,  as  a  practical  matter  it  is  rarelv  of  concern.  Ihe 


Ifjl 


amount  of  creep  which  will  occur  under  any  given  stress  is  small 
and  determinable  hence,  displacements  under  field  conditions  are 
small  and  more  or  less  predictable  and  within  the  control  of  the 
designer , 

Ground  movements  due  to  frost  expansion  occur  only  in  some 
soils.  The  movements  result  from  two  different  phenomena: 

(1)  Basic  frost  expansion  due  to  the  conversion  of  existing 
pore  water  to  ice  during  freezing,  and 

(2)  Secondary  frost  expansion  due  to  pore  water  migration  and 
ice  segregation  with  time  at  the  freezing  isotherm  or  in 
the  frozen  zone. 

These  two  phenomena  occur  simultaneously;  however,  they  differ 
in  predictability  and  magnitude.  Further,  wlien  secondary  frost 
expansion  occurs,  it  may  continue  after  the  freezing  isotherm  is 
no  longer  advancing.  For  these  reasons,  the  two  phenomena  are 
considered  separately. 


Clean  free  draining  sands  and  gravels  are  generally  not  suscep¬ 
tible  to  either  type  of  frost  expansion.  Basic  frost  expansion 
is  avoided  in  these  soils  because  of  their  liigh  permeability. 
During  freezing,  water  is  forced  out  of  the  soil  at  tlie  same 
rate  as  freezing  progresses  resulting  in  a  lower  frozen  water 
content  without  volume  change.  Secondary  frost  expansion  is 
closely  related  to  capillarity  and  pore  water  pressure.  In 
clean  free  draining  sands  and  gravels,  the  potential  capillary 
head  is  small  or  non-existent;  hence,  the  soil  will  not  support 
appreciable  water  migration,  and  secondary  frost  expansion  will 
not  occur.  As  the  percentage  of  silt  and  clay  size  particles 
increases  in  a  soil,  the  permeability  is  reduced,  capillarity 
increased,  and  basic  frost  expansion  may  occur  if  the  water  con¬ 
ditions  are  right  and  the  freezing  rate  exceeds  the  rate  at 
which  the  water  can  be  forced  out.  Confining  pressure  will 
reduce  the  apparent  frost  expansion,  particularly  in  coarser 
materials . 


Basic  frost  expansion  is  relatively  small  and  predictable  {97-  or 
less  of  the  pore  volume).  It  does  not  increase  with  time.  In 
contrast,  secondary  frost  expansion  is  more  difficult  to  predict 
and  may  be  much  greater.  Furthermore,  it  continues  as  long  as 
the  soil  and  water  conditions  remain  unchanged  and  freezing 
continues . 

As  a  rule,  fine  silts  and  lean  silt-clay  mixtures  below  the 
water  table-  usually  represent  the  worst  combination  of  potential 
combined  pressure  and  permeability.  Furtlier,  an  additional  con¬ 
sideration  of  secondary  frost  expansion,  particularly  in  these 
soils,  is  the  possible  subsidence  and  loss  of  strength  which  may 
occur  upon  thawing. 


£.  Thermal  loads  -  In  addition  to  the  ground  movement  criteria 

discussed  above,  it  is  necessary  to  consider  thermal  criteria, 
particularly  in-service  water,  sewage  or  stream  lines  which 
would  pass  through  or  adjacent  to  the  frozen  barrier.  Unless 
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those  liue-s  art-  stagnant  for  very  long  periods  of  time,  the 
tnermal  load  they  represent  normally  are  more  of  a  threat  to 
the  Irozcn  barrier  than  vice  versa.  Because  of  potential 
condonsat  i i.ra  problems,  stream  lines  are  probably  the  most  sen¬ 
sitive  ot  the  vari ou s  utilities . 

Preliminary  design  -  If  the  aforementioned  factors  have  been 
considered  and  freezing  appears  to  be  an  attractive  alterna¬ 
tive,  then  a  prel  imii'.ary  structural  analysis  and  design  must  be 
undertaken  t('  determine  tlie  approximate  geometry  of  the  frozen 
barrier,  and  whether  or  not  it  should  be  designed  as  a  stressed 
or  unstressed  section.  Tho  results  of  this  analysis  are  impor¬ 
tant  for  evaluating  the  economic  feasibility  of  freezing  for 
the  project  . 

dob  related  factors 

10.  In  addition  to  the  charac teristics  of  the  site,  there  w’ill  normally 
be  project  constraints  whicli  are  important.  As  a  rule,  such  constraints  usu¬ 


ally  have  a  more  important  effect  on  the  economic  than  technical  feasibility 


of  the  work. 

a.  T:nie  -  two  time  periods  aie  important.  First,  how  much  time  is 
available  to  form  the  frozen  barrier  (prefreezing  time).  This 
would  be  analogous,  for  example  to  how  much  time  is  available 
to  drive  sl;eeting,  dewater  and  excavate.  Longer  available  time 
means  less  expensive  freezing.  However,  where  circumstances 
warrant,  and  frozen  barrier  can  be  completed  In  a  matter  of 
hours  after  the  freezing  elements  have  been  installed. 

The  second  important  time  period  is  how  long  must  the  frozen 
barrier  be  maintained  after  It  is  in  place?  In  general,  where 
there  are  other  competiti\e  alternatives,  frozen  barriers  are 
most  attractive  if  they  do  not  have  to  be  maintained  for  a  long 
period  of  time. 

b.  (Continuity  oi  work  -  Can  the  barrier  be  installed  in  one  con¬ 
tinuous  operation,  or  does  the  work  require  multiple  mobiliza¬ 
tions  ar.T  t  omplex  scheduling  which  could  make  tor  poor 
equipment  u t  i  1  i  z.a t ic'n  ? 

c.  Power,  water  ar.d  sp.ice  requirements  -  Refrigeration  plants  for 
field  u.se  are  normally  mobile  mounted  on  truck  trailers  which 
need  only  be  connected  to  water,  power  and  the  in-situ  freezing 
elements.  About  J . '  kilovolt-ampere  (440  volts,  3  phase)  of 
power  per  ton  or  rt;  f  r ;  ge  rat  ion  will  be  required.  Where  com¬ 
mercial  power  is  not  available,  diesel  generators  mu.st  be  used, 
ilie  availability  and  cost  of  electric  energy  is  a  major  factor 
in  determ,  j  mug  economic  feasibility,  and  may  result  in  tlie 
.‘fiectinn  (' f  liquid  nitrogen  or  liquid  carbon  dioxide  as  an 
alternative.  Water  use  will  normally  be  of  the  order  ol  5  - 

iO  gallons  per  rninute.  ■•■or  a  large  project,  available  storag.c 
space  for  multiple  i  i- -r  igerat  ion  plant.s  ma\’  be  a  concern. 

d.  Personnel  and  equipraeirt  availability  -  Large  m.obile  refrigera¬ 
tion  plants  are  not  '-omm.onlv  available  in  the  I'nited  States. 
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However,  ic  is  possible  to  rent  or  lease  a  plant;  though  it  may 
tiave  to  be  mobilized  a  long  distance.  If  obtained  from  anyone 
other  than  a  specialty  ground  freezing  subcontractor,  the  mobi¬ 
lization  may  be  quite  costly,  as  all  of  the  ancillary  equipment 
which  is  normally  an  integrated  part  ol  a  mobile  plant  must  be 
assembled  on  multiple  skids,  shipped  to  the  site  and  field  con¬ 
nected.  This  factor  may  offer  an  economic  advantage  for  l.N  or 
LC02  on  some  projects,  as  no  refrigeration  plant  is  required 
when  expendable  refrigerants  are  used. 

Because  of  the  rather  unique  nature  of  mobile  refrigeration 
plants,  the  availability  of  equipment  to  do  the  work  may  govern 
the  teciinical  feasibility  of  a  project. 

The  availability  of  trades  personnel  to  install  and  operate  a 
freezing  system  should  be  no  problem.  Normally,  on  union  proj¬ 
ects,  the  work  is  distributed  between  the  Operating  Engineers 
and  the  Laborers;  the  installation  being  much  the  same  as  a 
well  point  dewatering  system.  However,  though  the  craftsmen 
may  be  available  to  assemble  and  operate  the  equipment,  it  may¬ 
be  difficult  to  locate  anyone  sufficiently  familiar  with  the 
process  to  design,  organize  and  control  the  work.  Ground 
freezing  is  much  like  chemical  grouting  in  that  a  thorough 
understanding  is  necessary  to  ensure  success.  The  availability 
of  such  personnel,  usually  from  speciality  firms  may  govern  the 
technical  feasibility  of  a  project. 

As  a  rule,  because  of  the  specialized  equipment  and  personnel 
constraints,  ground  freezing  is  normally  a  speciality  subcon¬ 
tract  item.  It  has  been  used  with  varied  success  by  General 
Contractors  marginally  familiar  with  it.  In  general,  it  is 
important  to  be  very  selective  in  choosing  a  ground  freezing 
subcontractor  or  consultant.  A  careful  review  of  credentials 
and  past  performance  are  a  must. 

Material  availability  -  Ground  freezing  require  a  relatively 
small  amount  of  materials,  principally  steel  (or  aluminum) , 
pipe,  rubber  hose  and  plastic  tubing.  Most  alternative  con¬ 
struction  methods,  particularly  those  for  excavation  support 
require  large  amounts  of  timber,  concrete,  and  steel.  These 
materials  are  becoming  increasingly  costly  and  difficult  to 
obtain  with  reliably  delivery.  Further,  from  the  standpoint  of 
conservation,  freezing  does  not  deplete  these  natural  resource 
materials  by  using  them  for  temporary  construction  applications 
where  they  will  be  abandoned  with  the  permanent  construction  is 
in  place. 

Because  of  these  concerns,  freezing  will  probably  be  increas¬ 
ingly  attractive  in  the  future. 

Initial  Evaluation  ol  Economic  Feasibility 


11.  Excluding  ronsiderat  i(5ns  of  the  contractor's  capabilltx^,  the  actual 
direct  costs  of  freezing  for  a  specific  project  will  depend  l.irgely  on  the 
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^rour.i)  '  ondiiior.s,  the  spacing  oi  the  freezing  elements,  the  time  available, 
ind  ;  !ie  t\:!t-  <  :  re  f  r  i  ge  ra  t  ion  system  used. 

Id.  (:j\en  a  competent  freezing  contractor,  the  relative  economics  of 
ground  ireeciag  <,re  critically  dependent  on  the  specific  conditions  and 
I  e'lu :  !  cicent  ,  ui  a  project.  Furthermore,  to  properly  evaluate  the  relative 
ecu  comics  oi  vavcous  alternatives  me.^ns  of  temporary  ground  support,  it  is 
nececuir"  to  consider  their  affect  on  the  total  project  costs,  rather  than  the 
<u:  -*cl  cc'sl.,  of  tiie  specific  alternative  as  a  single  item  oi  work.  in  some 
.  ises,  till  I  irect  costs  of  freezing  alone  may  appear  somewhat  higher  than  the 
lirect  Cl -fs  oi  another  alternative;  however,  when  indirect  costs  required 
...til  til?  a  i  :  ern.j  t  ives  are  considered  -  such  as  dewatering,  compressed  air, 
.■.l.ieic,  congested  excavation  and  building  area,  spoil  disposal,  space 
roiuirej,  material  a va i iab i 1 1 t y .  etc.,  the  actual  total  costs  may  favor  the 
:  retie  1  :g  appi  t'ach  . 

13.  An  V  cons  i  lie  ra  t  ion  of  CMSts  must  include  an  estimate  of  the  proba- 
['liitv  of  success.  For  example,  grouting  may  appear  economically  competitive 
if  idvantageous  tor  a  project.  However,  heterogeneity  of  the  formation  and  a 
Wide  range  in  permeability,  which  commonly  occurs,  may  cause  the  approach  to 
he  unsuccessful .  Freezing  is  more  predictable  and  less  difficult  to  control 
than  giouting;  hence,  because  of  increased  confidence,  a  properly  engineered 
freezing  scdieme  may  be  more  attractive. 

la.  Tliough  it  is  difficult  to  make  any  generalized  statements  regarding 
the  relative  costs  of  freezing,  it  is  probable  that  the  method  will  be  compet- 
iri'.’e  ;t.r  supporting  open  excavations  greater  than  about  7  to  8  meter  deep  in 
li.i.Iderv,  -oft,  .ir  running  ground,  particularly  sands,  and  for  subsurface 
excii .  at  ion.c  In  similar  soils  or  mixed  soil-rock  face,  particularly  below  the 
water  table.  liiese  gene  ra  J  i t  ions  will  probably  be  especially  true  in  urban 
area-  wnere  concern  for  underpinning  of  adjacent  structures  and  utilities  is  a 
ma  F  r  .  ■  C'  r lu 

■  i  gn  Censiderat  i  ons 

1'.  .1,  .liter  a  preliminary  fo.isibiJity  analysis,  it  appears  desirable 

r,  i  i.sider  iieezi.ig  as  one  cl  tiie  prime  alternatives  for  the  work,  then  a 
.  ir.pl  'tc  desigc:  ir.u.  t  be  undertaken  to  otuain  a  final  evaluation.  This  initi.al 
desi  ;r,  in  ,  !  r.ot  L'C  as  lliorough  and  detailed  as  will  be  required  tor 


c  on  ^  t  riic  t  i  oil ,  but  It  should  be  adequate  to  cover  all  of  the  important  consid- 


oratior.r-.  T' ouph  presentation  of  detailed  design  procedures  Is  bevond  the 
scope  ('♦  thi<  set'inar,  we  will  iriefly  discuss  several  of  the  more  important 
factors  wliirh  must  he  considered  in  planning  and  executing  a  ground  freezing 
pr'-ifit,  and  o’lr  present  ability  to  predict  field  performance  ns  related  to 
each  I'f  them.  As  a  rule,  design  is  based  on  a  number  of  interrelated  factors; 
lienee,  an  ontimum  desiyn  is  normally  a  trial  and  error  iterative  process.  The 
amount  ot  etrort  put  into  such  optimization  obviously  depends  on  the  relative 
sire  aiid  importance  of  the  proiect. 

Ih.  It'  the  frozen  iarrier  is  ior  groundwater  control  only,  or  will  he 
essential’'.-  unstressed,  then  structural  design  is  a  simple  matter  of  statics 
and  t*'e  aval  la’  le  time  for  completion  of  the  barrier  will  be  the  key  factor 
covernirc  lesiEn.  The  design  in  this  case  would  be  primarily  based  on  thermal 
ana  1  -.•scs . 

1'.  Tf  tlie  ’uarrier  In  to  be  stressed  then  the  ground  temperatures  and 
duration  of  -ppIleJ  stresses  will  be  important.  Under  these  circumstances, 
tl'.e  t’ne'mal  and  structural  design  procedures  proceed  more  or  less  in  paral¬ 
lel  -  starting  t r-cn  initial  separate  assumptions  and  converging  to  a  compati¬ 
ble  !(  oclr.  i,>r  circular  sb.afts  the  procedure  is  simple;  for  tunnels, 
d  i  aphran-’s ,  arc’ie.s,  etc.,  the  procedure  becomes  complex.  Though  the  thermal 
and  strui  t'ir.al  design  is  normallv  combined,  we  will  separate  the  two  for 

0  1  ar  !  t'v- . 

ilermal  anal'.-ses 

lb.  fne  tiie'-mal  desij-n  consists  of  the  following: 

a.  ''bermal  properties  and  methods  of  obtaining  them  -  The  thermal 
properties  (latent  heat,  specific  heat  and  conductivity)  of  the 
ground  are  primarily  dependent  on  the  mineral /textural  nature 
of  the  ground  and  its  water  content.  Tests  of  laboratory  sam¬ 
ples  are  of  limited  value  and  published  data  are  probably  ade¬ 
quate  for  most  jobs.  The  range  of  values  for  the  variables  is 
♦'airly  small,  and  the  resultant  thermal  calculations  will  be 
most  critically  affected  by  water  content.  The  more  water  the 
cli-wer  the  rate  of  freezing  and  the  more  energy  required. 

in-si tu  methods  of  measurements  are  available.  Thev  have  been 
n  ;c-d  primarily  for  measuring  glacial  ice  properties,  hvit  it  is 
('i-.l'/  a  matter  of  time  before  they  will  he  applied  to  soil  and 

r'"  - k  . 

Ireezirg  rates  -  The  amount  of  thermal  energy  and  duration  of 
time  n<=fp'-sarv  to  complete  freezing  mav  he  approximately  calcu- 
’•irod.  Ilie  c  rov  ent  i  ona  1  clc'sed  form  analytic  approach  is  based 
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on  two-dlmensionnl  heat  conduction  theory  and  assumes  isother¬ 
mal  boundary  conditions  at  the  freezing  elements  and  In  the 
surrounding  ground  at  some  large  distance  from  the  freezing 
elements.  Heat  transfer  during  freezing  In  normally  heteroge¬ 
neous  ground  Is  quite  complex  and  more  accurate  closed  form 
solutions  are  not  presently  available.  However,  for  projects 
of  unusual  geometry,  or  with  nonuniform  thermal  loads,  the  use 
of  finite  elements  or  difference  techniques  on  a  digital  com¬ 
puter  will  provide  more  accurate  results  and  may  be  justified. 
Computer  analyses  may  cost  several  thousand  dollars  In  labor 
and  computer  time  to  set  up,  run  and  interpret  for  several  sets 
of  conditions,  even  with  an  available  program;  hence,  they 
would  normally  be  used  only  for  critical  situations  or  more 
Important  projects.  In  view  of  this,  for  many  smaller  or  less 
critical  projects  of  regular  geometry,  approximate  closed  form 
analytic  solutions  may  be  expected  to  remain  the  principal 
technique  of  analysis.  Regardless  of  the  analytic  technique 
used,  for  any  given  material  properties  and  geometry  of  frozen 
earth  structure,  the  most  Important  factors  which  govern  the 
thermal  performance  of  a  freezing  project  are  the  size  and 
spacing  of  the  freezing  elements.  In  fact  the  amount  of  drill¬ 
ing  and  material  recuired,  the  capacity  of  the  refrigeration 
plant  and  the  time  required  to  complete  freezing  are  all  criti¬ 
cal  Iv  dependent  on  these  factors. 

The  prefreezing  period  -  prior  to  excavation  -  Is  composed  of 
the  duration  of  time  necessary  for  the  barrier  to  close  between 
adjacent  freeze  elements  (T^),  and  the  subsequent  time  (T^) 

during  which  the  barrier  thickens  to  meet  the  requirements  of 
the  structural  design. 

Other  things  being  equal,  T.  Is  exponentially  proportional  to 

1 

rhe  relative  spacing  of  the  freezing  elements  (R  ).  Secondary 
factors  which  affect  the  variation  In  both  and  for  any 

given  value  of  R'  are  soil  and  refrigerant  (coolant)  proper¬ 
ties.  For  any  given  spacing  of  freezing  elements,  the  required 
prefreezing  tin.e  Is  directly  proportional  to  the  energy  to  be 
removed  from  the  ground,  and  Inversely  proportional  to  the  rel- 
ati''e  temperature  of  the  outside  of  the  freezing  element.  For 
anv  given  ground  conditions,  relative  refrigerant  temperature, 
and  spacing  of  the  freezing  elements'  prefreezing  time  Is  sig¬ 
nificant  Iv  affected  bv  the  heat  transfer  efficiency  between  the 
refrigerant  (coolant)  and  the  freezing  element. 

Ihe  comfiincd  effects  of  very  efficient  boiling  heat  tra!is''pr, 
very  low  temperatures  and  changes  in  soil  thermal  properties  at 
these  temperatures  acci'unt  for  dramatic  differences  between  the 
rclaflvelv  slow  freezing  time  required  for  a  closed  circulating 
corlant  s'/s.tcm  and  rapid  freezing  with  an  liquid  nitrogen  sys¬ 
tem.  tuiwevor ,  with  improper  field  control  of  the  liquid  nitro¬ 
gen  freezing  pTocos.s,  the  potentially  great  savings  in  time  may 
not  be  realized.  liquid  nitrogen  is  much  more  difficult  to 
control  effectively  under  field  conditions  tlian  is  circulating 
enc,  1  ant  . 
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Energy  requirements  -  The  thermal  energv  required  to  freeze 
ground  is  directly  proportional  to  rhe  groundwater  content  . 

For  coarse-grained  soils,  the  energv  requirements  are  reln- 
tlvelv  low  if  no  lateral  groundwater  flow  occurs.  In  fine¬ 
grained  silt  and  clav  soils,  the  energy  requirement  will 
generally  he  higher.  As  a  rule  of  tburih,  rhe  energv  require¬ 
ments  in  K  calories  per  cubic  meter  'O  soil  fricer  wili  be 
between  2200  and  2800  times  the  w.acer  conteni  ‘p  rercerit. 

The  total  energy  required  is  dependent  or:  ‘‘e  r  rozen  -olume; 
hence,  it  is  directly  proportional  tt'  rtu-  rota'  length  of 
freezing  elements  in  operation.  The  tc^toil  i  e r  i  gera  t  i  on  load 
is  also  dependent  on  the  total  length  or  freezing  element.  For 
nnv  given  geometrv  of  zone  to  be  frozen  ,  the  closer  the  freez¬ 
ing  elements  are  spaced  the  greater  the  total  length  of  ele¬ 
ments  in  operation  and  the  greater  the  initial  refrigeration 
load,  or  cost  of  refrigeration  plant.  Th.e  cost  of  drilling  and 
materials  also  goes  up  as  the  spacing  between  adjacent  elements 
is  decreased.  The  net  effect  of  these  two  factors  results  in 
an  exponential  Increase  in  direct  cost  and  attendant  reduction 
in  time.  If  time  is  of  the  essence  and  an  approximate  dollar 
\'alue  can  be  attached  to  it,  it  is  pos.=  ible  to  determine  the 
optimum  economic  spacing  of  freezing  elements.  At  close  spac¬ 
ing  the  cost  ot  refrigeration  plants  with  sufficient  capacitv 
and  related  energy  exceed  the  cost  of  using  an  expendable 
refrigerant.  When  the  value  of  time  is  considered  the  optimum 
spacing,  which  corresponds  to  this  economic  crossover  point, 
may  be  increased. 

The  ma.ximum  freezing  time  is  theoretically  infinite;  however, 
as  a  practical  matter,  pipe  spacings  greater  than  about  15 
times  the  pipe  diameter  are  not  normally  used,  except  with 
liquid  nitrogen  systems.  Furthermore,  at  spacings  greater  than 
the  thickness  of  the  desired  frozen  zone,  the  efficiency  of 
energy  utilization  drops  sharply. 

The  preceding  discussion  of  time,  energy  and  related  effects  on 
costs  is  based  on  the  fundamental  assumption  that  a  constant 
refrigerant  (coolant)  temperature  is  maintained  in  the  distri¬ 
bution  system  and  that  the  refrigeration  load  varies  with  time. 
This  is  the  most  rapid,  readily  controlled  and  desirable  freez¬ 
ing  approach.  Furthermore,  with  rel Iquefactlon  or  expendable 
refrigerant  svstems  it  is  the  onlv  practical  approach.  How¬ 
ever,  when  a  refrigeration  plant  of  adequate  capacity  to  main¬ 
tain  the  desired  coolant  temperature  is  not  available  for  a 
project,  the  plant  is  normally  rvin  at  full  constant  load  and 
the  coolant  temperature  varies  with  time.  Under  these  condi¬ 
tions  the  effect  of  sparing  on  direct  costs  is  markedly  reduced 
and  the  required  Ireezing  time  is  substantially  Increased.  For 
reasons  of  plant  co.sts  and  availability,  manv  projects  have 
been  conducted  this  wav.  To  optim.ize  costs  and  reduce  time 
when  sufficient  plant  capacity  is  not  available,  it  mav  be  pos- 
si'r  ]p  to  use  expendable  refrigerant  to  pre-chill  the  coolant 
during  the  initial  freezing  period  when  the  peak  refrigeration 
load  fvriirs.  The  use  of  the  exyiendable  refrigerant  can  he 
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d  iscontlnued  when  the  rt- f r  i  ijerac i on  load  has  been  reduced  to  a 
point  wlierc  the  plant  can  maintain  the  desired  coolant 
temp  ■  rature . 

Within  the  trameworh  of  available  technology  all  of  the  thermal 
cons i derat  ions  ment’or.ed  are  reasonably  well  understood  and  the 
various  time-energy  relationships  c  in  be  calculated  with 
acceptable  accuracy.  Greater  information  on  the  thermal  prop¬ 
erties  c'f  earth  and  '"heir  temperature  dependence,  together  with 
increased  use  of  digit  a!  computers,  should  enhance  the  flexl- 
w i  1  i  i' and  accurac”  of  these  ca  1  ci;  1  a  t  icc.s  . 

-Structural  anal'-ses 

19.  -Structural  analyses  and  design  with  frozen  ground  Is  much  the  same 
as  for  iinrelnforced  concrete.  ri'c  design  depends  primarily  on  ground  type, 
groundwater  cordltions,  ground  temperatures,  rate  of  excavation,  and  duration 
of  loading. 

a.  Selection  of  material  properties  and  methods  of  obtaining 

them  -  Toi  an  essentially  tir..stressed  barrier  the  material  prop¬ 
erties  can  be  rather  crudely  estimated.  For  a  stressed  bar¬ 
rier,  a  carc<'ul  ]  p.ho'atorv  dete’'mination  must  be  made  of  the 
actual  properties  of  the  frozen  soils  of  the  site.  On  occa¬ 
sion,  and  especially  for  smaller  projects,  data  obtained  in  the 
past  from  similar  t-'cHs  icay  be  used  with  an  appropriate  factor 
ot  safety. 

Frozen  ground  behaves  vlsco-plastica] 1 y .  Its  long  term 
strength  and  stress-strain  characteristics  are  primarily  a 
functit-r  of  ice  content,  temperatore  and  duration  of  applied 
load.  Presently  available  test  procedures  may  be  used  with 
reasonahl  /  good  confidence  to  charo.rterize  frozen  soil,  and  to 
-1  lesser  extent  fractared  rod.  The  creep  test  procedures  are 
straight  forward,  hut  thev  renuire  complex  temperature- 
-'ontrolled  aquip'-ent  w';  ich  is  available  1n  very  few  lahorato- 
rics  In  the  I’riited  States.  Further  the  inte’'pretat  ion  of  the 
test  results  is  •'erhnically  involved  and  should  be  done  by 
.someone  know  I  edgeah  1  a  in  .’rozen  grouiul  technology. 

h.  Structural  dc.sig.-i  -  !i  the  mecl, . uii  ca  1  properties  of  tiie  ground 
and  the  mn:;:r!JTr  prob,:’' 1  o  duration  of  loading  prior  to  the 
nlacement  of  the  perm.nreiit  grr.ud  s’'-[q')nrt  is  known,  a  designer 
can  .select  ci^mpatJbie  aii'-wab'e  .stresses  and  ground  tem.pera- 
'ures.  Tluugh  design  ■-.■ill  f  re(|:'e’'t  ’  v  he  denendcit  on  the 
strength  (  harac.  t  <  r  ist  ics  ,  if  is  also  aeces,-,.:r\’  -n  evaluate  the 
di  spl  areiTCi;t  ;  whici  rr.-'V  h.-  eyp^  tf-i', 

i'riO'igh  ■;  t  rue  t ’u 1  -ivslgns  on  cfi-^;  licated  plastic  creep 

ar/' 1  vt;!  s  are  possibW  imp  I  '  f  i  e,l  conditions,  most 

designs  .;re  nreseotl”  hused  i  .■  '  ut  .nu'  'rv"  elastic  anal''sis 

using  parametric  v.'.i'ies  from  rests,  and  loading  rondl- 

t'ons,  ’which  are  cor,'.;M  t  i  b  1  e  ;  or  ri'.er  duration  of  loading. 
''orr,.allv,  t’wo  ti  1  a  ’ .s  t  dilferent  d:  ati  s-<r  of  loading  will  be 
-siiffirlcn'  to  define  ihi'  r.rct  crifi  ’  dur-iL  i  on . 
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It  the  Jeiay  between  Initial  excavation  and  the  installation  of 
peftianent  ground  support  is  less  than  about  one  shift,  the  most 
critical  condition  will  probably  occur  with.iii  two  to  four  hours 
after  excavation.  In  tiiis  short  interval,  the  frozen  ground 
ioses  a  great  deal  of  its  initial  strength  due  to  primary 
^reep,  nut  has  undergone  insufficient  creep  d isplaceinent  to 
appi  L  c  i  .lb  ly  reduce  the  surrounding  earth  pressure.^.  Design 
’.ads  for  this  condition  will  norf.ully  be  between  at-rest  and 
[1  a  -  sice. 

If  the  deia;i  between  the  initial  excavation  and  the  installa¬ 
tion  o!  permanent  ground  support  will  exceed  about  one  shift, 
the  most  critical  condition  will  probably  occur  at  the  end  of 
the  delay.  .After  this  period,  the  frozen  ground  lias  lost  most 
ol  the  strength  it  w^ill  ever  lose  (at  the  given  temperature  I 
and  seCL'ndarv  creep  has  probably  caused  some  redistribution  and 
reduction  (-t  ground  pre.ssures.  Design  loads  for  this  condition 
vill  normally  be  between  at-rest  and  active. 

Digital  computers  can  be  programined  to  include  lead-history  in 
structural  analyses  directly;  further,  they  can  handle  nonlin¬ 
ear  material  propercie.s  and  any  structural  geom.etry.  However, 
such  analyses  are  rel.Ttively  costly  and  would  normally  be  used 
only  for  major  properties  and  loadings  modified  for  creep 
beb.avicr,  will  probably  continue  to  be  the  most  common  tech¬ 
nique  analysis  for  many  projects. 

0\ era] I  design  considerations 

.-'0.  During  grour;d  freezing,  a  number  of  .somewhat  unusual  factors  must 
oe  (.  considered .  Souse  oi  the  t.cre  important  itenis  are  discus.scd  below. 

ii.  Ic  ccn.cro;  the  freezing  process  .and  ensure  completion  of  a  satis- 
facter;,'  :  rozet;  .’one,  it  is  ntrcessa.ry  t.-  monitor  ground  temperatures  at  criti- 
c.i!  Is'catlons.  Mu J  t  i-sensi't  termistot  or  copper-constantan  thermocouple 
.Strings  are  goon  ;or  t  r,  I  s  pnrpo;;e.  however,  thev  m.ay  be  supplemented  by  frost 
penetration  monitors.  Poth  types  of  i nst rur.entat ion  are  read  periodically  to 
determine  ground  temperatuies  and  rates  oi  trust  penetration.  The  proper 
installation  and  interpretation  c't  this  in.s  t  rumer.t  a  t  i  on  is  vital.  An  otlter- 
wise  succof;siu1  project  may  be  unnecessaiily  costly  or  experience  difficulties 
becau.se  cm  a  ’ack  oi  instrumentation,  or  proper  interpretation  of  tie  data 
obtained  I  rum  good  instrumentation. 

i'.:.  ('rcujnd  ireezing  in  areas  containing  steam,  water  or  sewage  lines  is 
best  avoided;  nowever,  it  need  ni't  be  a  matter  of  particular  concern 
p  rov  i  d  i  ng; ; 

a.  Ihe  Contractor  know.s  the  utilities  are  there. 
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b.  ibat  he  insulates  them  sufficiently  to  maintain  the  isotherm 
within  die  insulation  during  freezing,  and 

e.  ItiaL  tie  monitors  their  surface  temperatures  periodically  to 
ensu*-e  that  the  insulation  is  performing  as  planned. 

,  /■ .  team  lines  probably  represent  the  most  difficult  consideration; 
pi  trail  dv  l^'enanse  anv  cool  ing  of  saturated  steam  causes  undesirable  condensa- 
t:,,..  f'or  this  reason,  insulation  should  be  sufficient  to  protect  the  utility 
aitiir.at  o;  pdi-nsa  t  ion  during  minimum  1  low  periods  and  minimum  adjacent  ground 
t emperati.res .  Water  and  sewage  lines  should  be  protected  for  the  same  minimum 
ana  1 1  I  jr.s ;  'rcweter,  they  may  be  subjected  to  much  greater  temperature  changes 
rhaPi  steam  iinea  without  suffering  111  effects.  Because  of  this,  less  insula- 
tit'.  will  normal !v  he  required.  The  thickness  of  insulation  must  also  be  suf- 
tieiept  to  maintain  the  freezing  isotherm  within  the  utility;  otherwise, 
t  ..avi  ".o  ;  the  frozyn  zone  may  occur.  A  simple  alternative  to  insulating  the 

■at.,,:  ities,  t  iasmso.lvL's ,  is  to  insulate  the  adjacent  freeze  pipes  where  they  are 
-.r  sensitive  utilities. 

-  t.  ‘  re  of  th.?  easiest,  most  effective,  and  economical  methods  of  insa- 
iation  i ;  t  ■  excavate  all  of  the  potentially  affected  water,  steam  and  sewage 
'ati.lities,  throughout  the  area  where  they  will  intersect  the  frozen  zone,  and 
spr.i;.-  them  in-sitn  with  foam  plastic.  If  an  open  excavation  will  be  part  of 
th.e  ;;  roj  ec 'i. .  ;nanv  or  the  utilities  will  be  re-routed  during  construction  and 
i r'si  1  1  c  i oPi  ter  ciie  remainder  can  be  completed  simultaneously. 

_ ':i .  In  additiuu  to  insulating  utilities.  It  may  be  necessary  to  insu- 
l.it  'i  t.  -x i'pset;  surfaces  of  the  excavation  from  the  sun  to  minimize  surface 
c'.'ucxip.g  a-’.i:  reduce  tt'.e  load  on  the  refrigeration  plant.  In  general,  this 
w  i  i p.ot  pf  rrece:-,  .sar  >  in  shafts  and  tunnels,  but  will  be  a  concern  with  open 
>ir:.aie  f.-.c'.'.Mt  ;  on.s  exposed  to  the  sun.  A  single  layer  of  reflective  plastic 
i •  ;  t.  ■.,ue,.t  . .‘-u :  f  ic  ten  t  .  Where  greater  protection  is  required,  foam  plastic 
apt  i  i  .1.  .  y  I  Wire  nierh  i  .s  probably  one  of  the  most  effective  and  least  expen- 

;i.e  f  the  i'.-a  i  I  .lb  1  e  insulating  methods.  furthermore,  this  type  of  insula- 
..a'  '!>  ,i(  eept  ah :  e  ,>s  a  water-stop  concrete  can  be  single-formed  directly 

I  r .  1  i  : '  ■  ■  t  !  t  . 

.  :  .eu  vitiKiui  insulation,  concrete  can  be  priured  directly  against 

It',  ■  I  irtii.  he  principal  cfiiicern  being  that  the  concrete  not  freeze  before 
1. 1  .11  it?  lipcd,  !  t  .s  ir.itial  set.  In  many  cases,  particularly  with  structur.il 
le  ti'-.  CP.  t  r  .’I)  f  ent  imeters  thick,  the  heat  of  hydration  i  .s  sulficient  to 
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,':tsoL  ree::  i  nt;  durir.g  Lhe  initial  critical  period.  When  the  ordinary  heat  of 
'  c  r.i  L  i .  ■ ;  ':-e  i  iiade  p.ui  t  e  ,  liigh  early  strength  cement  and/or  additives  such 

chlc!iiie  siiould  be  sufficient  to  eliminate  the  problem. 

.  Whe:;  th.e  I'ree.^e  elements  will  intersect,  the  ground  surface  three 
a  i-.utM.n ;  V: .!  ]  '['lec  fi^jw  as  well  as  seasonal  ground  temperature  effects  will 
airoiC  trie  sraipe  ci  the  frozen  zone.  In  fall  or  early  winter,  the  surface 
sells  It-  -  depth  of  about  3  m)  will  be  appreciably  warmer  than  deeper  strata. 
■  PC  psri^ined  ..easonal  and  three  dimensional  effects  may  result  in  a  conical 
shape  o:  the  irozen  zone  near  the  ground  surface  and  difficulty  may  be  experi- 
er.C'iC  in  obtaining  closure  between  adjacent  freeze  elements  at  shallow  depths. 
Aac i C ionai  shallow  refrigeration  or  surface  insulation  around  the  freeze 
pipes  will  r.'.ateriallr  reduce  this  effect.  During  the  later  winter  months, 
tins  will  i.oc  bo  a  problem. 


Alternative  Construction  Freezing  Methods 


i .  Thu  refrigeration  plant  and  refrigerant  or  coolant  distribution 
s;--t,»i:.  represent  a  major  portion  of  the  direct  cost  of  a  freezing  project. 
.i.rilu.T-ii:  re ,  tlio  direct  cost  as  well  ns  the  time  required  to  complete  adequate 
tre-a.;ing  r.re  all  dependent  to  some  extent  or.  the  type  of  freezing  approach 
Used.  lliere  are  about  five  basic  alternative  freezing  approaches  available. 


A'.  All  of  th.ese  approaches  consist  of  a  primary  source  of  refrigera- 
;.:;,1  a  sevi.Midary  distribution  system  to  circulate  the  coolant  or  refriger- 
:  ii,  Li  e  grouiid. 

irar;,  plant  and  pumped  loop 
lond.jry  coo  la_n_t _ (brine  system) 

Jii.  This  freezing  approach  is  the  one  used  on  most  projects  today.  It 
.'h'\  e  l.i'ped  by  F.  H.  Poetscii  in  Cermany  about  100  years  ago.  It  is  simple, 
-..Igl.t  fi'L'ward  and  well  understood.  For  projects  requiring  only  a  single 
,t.:: [alien  of  all  elements  and  a  prolonged  period  of  maintenance  freezing 
-er  ((  mpLetion  i  I  tiie  initial  frozen  earth  barrier,  this  system  is  still 
e  ^  •  ra  :- 1  !  ve  . 

a.  The  primarv  ■source  ol  refrigeration  for  this  approach  is  a  con¬ 
vent  ional  one  or  two-stage  ammonia  or  freon  refrigeration  plant 
(frequently  two  stage  for  temperatures  below  -25  C) .  These 
piart.s  are  commoniy  available  in  wide  range  of  capacities,  and 
<;:■  'e  rented  iiorapletely  asscmbied  in  portable  modules  tor 
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field  use.  These  plants  use  either  diesel  or  electric  prime 
movers,  they  have  a  high  thermal  efficiency  and  their  tech¬ 
nology  is  well  understood.  The  condensers  mav  be  air  or  water 
cooled,  the  latter  requiring  a  cooling  tower.  New  plant  costs 
would  typically  he  of  the  order  of  1500  dollars  per  ton  of 
refrigeration  capacity  fTR)  and  rental  might  be  about  90  to 
180  dollars  per  TR  per  month  with  some  minimum  total  amount.* 
These  plants  may  be  available  new  for  a  specific  project  in  two 
to  three  months.  Though  plants  could  theoretically  be  built  to 
any  capacity,  500  TR  probably  represents  about  the  largest  unit 
that  could  be  assembled  In  a  convenient  and  practical  mobile 
configuration.  Multiple  smaller  plants  can  be,  and  frequently 
are,  ganged  together  to  obtain  high  capacity  with  better  over¬ 
all  efficiency  as  well  as  a  measure  of  redundancv  in  case  of 
ma 1 f unc  t ion . 

Distribution  system  -  The  distribution  system,  for  this  freezing 
approach  typically  consists  of  an  insulated  coolant  supply  man¬ 
ifold,  a  ni.mber  of  parallel  connected  freezing  elements  in  the 
ground  with  inner  supply  and  outer  return  lines,  and  an  insu¬ 
lated  return  manifold.  This  system  is  simple  but  cumbersome 
and  thermallv  inefficient.  Heat  transfer  occurs  between  the 
coolant  and  the  freeze  element  bv  convection,  no  phase  change 
occurs.  Because  of  this,  l';rge  quantities  of  coolant  must  be 
circulated  to  cause  freezing  and  an  inherent  thermal  gradient 
exists  in  the  system  during  the  active  Ireezlng  periods.  Large 
flows  require  large  volumes  of  coolants  and  large  fixed  plumb¬ 
ing  systems.  Furthermore,  the  circulating  pumps  put  energy 
into  the  system  in  direct  opposition  to  the  primary  refrigera¬ 
tion  plant.  Though  it  Is  possible  to  reduce  the  refrigeration 
capacity  or  individual  freezing  elements,  it  Is  not  possible  to 
increase  it  without  increasing  the  capacity  of  the  entire  sys¬ 
tem.  The  flexibility  to  Independently  increase  the  capacity  of 
individual  elements  is  desirable  to  facilitate  control  of 
unique  localized  conditions  such  as  unexpected  water  flows. 

Coolant  -  T!ie  secondary  coolant  distribution  system  lim.its  the 
attractiveness  and  usefulness  of  this  basic  freezing  approach. 
Despite  drawbacks  and  inefficiencies,  energy  costs  f oi‘  this 
system  are  low,  probably  of  the  order  of  15,000  to  20,000 
effective  Kilo-calories  per  dollar  (based  on  0.06  dollars  per 
kl 1 o-watt  hour) . 

Though  manv  different  types  of  coolant  have  been  used  with  this 
system  (diesel  oil,  propane,  glycol-water  mixtures,  and 
brines),  the  most  common  is  calcium  chloride  brine.  The  c.l- 
cium  chloride  is  added  to  water  in  sufficient  quantities  to 
depress  Its  freezing  point  below  that  attainable  by  the  refrig¬ 
eration  plant  during  on-line  operation.  These  brine  solutions 
have  a  high  specific  heat;  however,  they  are  also  dense,  rela¬ 
tively  viscous  and  corrosive.  Other  fluids  mav  have  more 
attractive  properties  under  some  conditions,  but  flammable  or 
toxic  coolants  must  be  avoided  for  obvious  reasons. 


c.  Freezing  elements  -  On  many  projects,  the  pipes  used  for  freez¬ 
ing  elements  represent  a  substantial  cost.  For  circulating 
coolant  refrigeration  systems,  ordinary  stee]  pipe  is  adequate. 
For  lower  temperatures  (less  than  about  -■4O  C)  non-ferrous  met¬ 
als  or  alloys,  such  as  aluminum  or  nickel  steel,  are  desirable 
to  eliminate  problems  related  to  brittle  fracture.  The  pipe 
wall  thickness  will  normally  depend  on  either  internal  hydrau¬ 
lic  pressure,  external  confining  pressure,  or  stresses  imposed 
during  installation.  Plastic  pipe  should  be  avoided,  except 
for  inner  tubing  or  surface  piping,  because  of  its  poor  thermal 
properties.  All  connections  between  pipes  must  be  tight,  and 
the  system  should  be  pressure  tested  for  leaks  prior  to  start¬ 
ing  freezing.  A  subsurface  leak  in  a  circulating  coolant 
freezing  system,  particularly  one  containing  brine,  may  make  it 
very  difficult  o  obtain  an  adequate  frozen  zone.  Leaks  in 
expendable  refrigerant  systems  are  undesirable,  but  not  criti¬ 
cal  as  the  refrigerant  will  vaporize  at  low  temperature  and 
dissipate . 


Primarv  plant  with  in-sltu  evaporator 


31.  This  approach  employs  a  primary  refrigeration  plant  such  as  that 
previously  described.  However,  recognizing  the  iuef t iciencies  inherent  in  a 
large  distribution  system,  the  secondary  coolant  is  eliminated  and  a  much 
smaller  volume  of  high  pressure  refrigerant  is  circulated  directlv  from  the 
condenser  to  the  freezing  elements  where  evaporation  is  allowed  to  occur.  The 
resulting  vapor  is  Chen  returned  to  the  compressor.  This  approach  has  merit 
and  might  be  advantageous  for  some  applications,  however,  it  has  not  been  used 
in  recent  years.  For  many  of  the  commonly  used  refrigerants  the  evaporator 
must  operate  at  less  than  atmospheric  pressure  (vacuum;.  Leaks  are  difficult 
to  detect  and  may  critically  affects  its  operation.  Of  the  available  refrig¬ 
erants  which  operate  with  positive  evaporator  pressures  carbon  dioxide  has 
been  used.  Several  projects  have  been  successfully  completed  using  carbon 
dioxide  in  this  manner;  however,  a  number  of  difficulties  were  encountered  in 


the  physical  control  of  the  system.  Most  of  these  difficulties  apparently 
involved  transmission  of  high  pressure  fluids,  low  temperature  embrittlement 
of  metals,  and  plugging  of  orifices  due  to  phase  change  and  entrapped 


n.oi  sture , 


32.  Ihe  application  of  modern  refrigeration  technology  has  resulted  in 
the  development  of  solutions  for  all  of  these  problems,  but  they  have  not  yet 


been  field  tested. 


Reliquefaction  plant  with  in-situ  second  stage 

33.  This  freezing  approach  employs  the  best  features  of  both  of  the 
preceding  approaches.  It  uses  a  primary  refrigeration  plant  thermally  coupled 
to  a  distribution  system  containing  either  the  same  refrigerant,  or  one  that 
is  thermodynamically  compatible. 

a.  Plant  -  Though  any  primary  refrigeration  plant  could  theoreti¬ 
cally  be  adapted  for  this  purpose,  only  a  few  alternatives 
would  be  practical.  Some  of  the  most  likely  combinations  of 
primary  plant  and  secondary  refrigerant  are: 


Primary 

Plant 


Secondary 

Refrigerant 


Typical  Operating  Ranges 
Kilograms 


Temperature 
deg  C 


per  square 
centimeter 


Nitrogen 

Nitrogen 

-170 

to 

-190 

1.7  - 

10.6 

Carbon 

Carbon 

Dioxide 

Dioxide 

-  40 

to 

-55 

5.6  - 

10.6 

Ammonia 

Carbon 

Dioxide 

-  15 

to 

-40 

10,6  - 

21.1 

The  main  difference  in  the  various  reliquefaction  systems  is 
the  relative  horsepower  requirements  of  the  different  plants. 
Furthermore,  though  carbon  dioxide  plants  are  presently  avail¬ 
able  in  capacities  and  costs  somewhat  comparable  to  those  pre¬ 
viously  given  for  ammonia  plants,  nitrogen  plants  are  not 
commonly  available.  These  plants  are  presently  in  use  only 
within  the  liquefied  gas  industry  and  would  have  to  be 
specially  made  for  field  applications. 

Distribution  system  -  The  principal  advantage  of  a  reliquefac¬ 
tion  freezing  approach  stems  from  the  improved  distribution 
system.  Heat  transfer  in  the  freezing  elements  is  by  boiling 
phase  change.  This  results  in  energy  capacities  per  liter  of 
fluid  circulated  of  the  order  of  50  times  greater  than  those 
obtained  by  circulating  secondary  coolants.  Because  of  this, 
much  smaller  volumes  of  fluid  need  to  be  circulated,  and  small 
diameter  pressure  hoses  with  quick-connect  couplings  can  be 
used  to  replace  large  diameter  pipe  plumbing.  Though  somewhat 
more  exotic  tubing  materials  are  required  to  handle  the  low 
temperatures,  these  are  available  at  competitive  cost  and  they 
are  essentially  100  percent  salvageable  for  reuse  without  modi¬ 
fication.  The  potential  savings  in  assembly  and  disassembly 
labor  for  quick  connect  hoses,  as  compared  to  steel  pipe,  are 
obvious . 

The  temperature  range  of  the  reliquefaction  system  is  dependent 
on  the  plant,  secondary  refrigerant,  and  circulating  pump  used. 
However,  each  freezing  element  is  an  Independent  evaporator 
connected  in  parallel,  and  therefore  can  be  adjusted  to  operate 


anywhere  within  this  range.  This  ilexibllity  enables  one  or 
more  freezing  elements  to  be  operated  at  lower  temperatures 
than  the  remainder  of  the  system;  thus  allowing  the  operator 
complete  flexibility  to  increase  or  decrease  the  refrigeration 
capacity  of  an  element  to  handle  unique  localized  oi  unexpected 
condit ions . 

To  date  reliqueiaction  systems  ha\'e  been  proven,  but  they  have 
not  been  used  in  the  field.  It  is  likely  that  the  reliquefac¬ 
tion  refrigeration  approach  will  eventually  replace  the  primary 
refrigeration  and  circulating  secondary  coolant  approach  for 
ground  freezing  construction  in  the  future. 


Expendable  refrigerants 


3A.  For  single  projects  of  short  duration  (a  few  hours  to  a  week  or 
two),  or  for  projects  where  the  cost  of  delay  is  high,  expendable  refrigerants 
are  very  attractive.  No  refrigeration  plant  is  required,  but  the  cost  of 
energy  is  high,  probably  of  the  order  of  1000  to  2000  K  cal  per  dollar,  even 
when  purchased  in  large  quantities.  Furthermore,  outside  of  the  main  urban 
areas,  the  refrigerants  may  not  be  available  In  quantities  sufficient  to  con¬ 


duct  the  work. 


Liquid  nitrogen  -  Uniform  boiling  of  liquid  nitrogen  throughout 
a  series  of  freezing  elements  represents  the  fastest,  thermally 
most  efficient  means  of  ground  freezing  presently  possible. 
However,  it  is  usually  not  possible  to  attain  this  objective 
with  an  open  system. 

The  principal  difficulties  encountered  with  the  use  of  expend¬ 
able  refrigerants  involve  control  of  the  system.  The  rela¬ 
tively  unconflned  venting  of  liquid  nitrogen  in  a  series  of 
vertical  or  horizontal  freezing  elements  frequently  results  in 
a  waste  of  refrigerant  and  a  very  irregular  frozen  zone.  the 
irregularity  occurs  because  the  heat  transfer  coefficient 
varies  by  orders  of  magnitude  depending  on  the  quality  of  the 
llquid/vapor  mixture  and  its  velocity.  A  supply  and  exhaust 
manifold  with  appropriate  valves  at  each  end  of  a  series  of 
freezing  elements  permits  reverse  flow  which  tends  to  even  out 
the  irregular  freezing  characteristics. 

Carbon  dioxide  -  Sublimating  carbon  dioxide  is  thermally  less 
efficient  tlian  liquid  nitrogen  and  harder  to  control.  Solid 
dry  ice,  even  in  pelletized  form,  is  bulky  and  difficult  to 
handle.  However,  dry  ice  used  with  a  mixing  tank  and  a  circu¬ 
lating  secondary  coolant  is  effective. 

Liquid  carbon  dioxide  may  be  employed  with  a  temperature  con¬ 
trolled  sewo-system  to  chill  a  circulating  coolant.  This  type 
of  liquid  carbon  dioxide  control  equipment  can  readily  be 
mounted  on  a  conventional  refrigeration  plant  emplovlng  circu¬ 
lating  coolant.  The  system  is  thermally  effective,  but  prob¬ 
lems  frequently  develop  because  of  the  high  solubility  of 
liquid  carbon  dioxide. 
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When  using  expendable  refrigerants  it  is  necessary  to  provide 
positive  exhaust  for  the  vapor.  Neither  carbon  dioxide  nor 
nitrogen  are  liaimnable  or  toxic.  However,  they  are  heavier 
than  air  and  in  very  large  quantities  can  cause  suffocation; 
therefore,  in  addition  tc  adequate  ventilation,  emergency  oxy¬ 
gen  should  be  available  for  underground  or  confined  work. 


Critical  Construction  Cost  Factors 

35.  The  following  remarks  apply  primarily  to  the  use  of  a  circulating 
coolant  fleecing  system.  The  use  of  rellquef ac t ion  equipment  or  expendable 
reirigerants  is  coo  unique  at  this  time  to  justify  generalized  comments  on 
costing. 

Mobilizat ion 

3n.  The  location  of  the  project  relative  to  the  location  of  the  freez¬ 
ing  plants,  drill  rigs,  materials  and  available  personnel  will  have  an  impor¬ 
tant  influence  on  the  cost  of  the  work.  Hauling  the  equipment,  all  necessary 
loadi'.ig  and  unloading,  labor,  plus  materials  and  initial  positicning  of  the 
equipment  is  considered  part  of  mobilization.  Mobilization  is  normally  priced 
as  a  lump  sun. 

a.  Sice  power  and  water  facilities  -  If  adequate  electric  power  is 
not  available  at  the  site,  then  mobilization  will  Include  its 
installation  or  provision  of  comparable  generating  capacity. 

The  same  is  true  of  water  service.  Frequently,  these  services 
will  be  needed  for  subsequent  construction  anyway,  and  all,  or 
a  portion  of,  the  cost  of  providing  them  can  be  carried  against 
the  total  project,  rather  than  just  the  construction  freezing 
aspect  of  it. 

b.  Site  accessibility  -  Where  the  site  is  difficult  or  inaccessi¬ 
ble  to  trucks,  mobilization  may  include  the  building  or 
up-grading  of  roads,  provisions  of  a  temporary  working  camp, 
etc.  Again,  under  these  circumstances,  such  costs  would  be 
carried  against  the  total  project,  not  just  the  construction 
freezing  portion  of  it. 

c.  Timely  notice  -  Timely  notice  prior  to  mobilization  is  impor¬ 
tant  to  facilitate  scheduling  of  equipment,  personnel,  and  the 
development  of  detafied  economical  designs.  Late,  or  emer¬ 
gency,  notice  will  cost  money  because  of  the  need  of  qufckly 
C(uiceived  probably  over-conservative  designs. 

hrilJing  and  casing  of  freeze  holes 

37.  The  cost  of  drilling  and  casing  freeze  holes  mainly  depend',  or.  the 
site  surface  condltlon.s,  the  soil  and  rock  conditions,  the  required  depth  of 
the  holes,  and  the  acceptable  deviation  of  the  holes.  The  cost  of  drilling  is 


normally  based  imt  the  total  linear  rootage  of  subsurface  refrigeration  pipe  to 
be  installed.  It  is  usually  Included  in  the  lump  sum  price  for  installation 
and  prefreezing  of  the  frozen  barrier,  but  may  on  occasion  be  included  sepa¬ 
rately  as  a  lir.ear  footage  unit  price. 

a.  Site  surface  conditions  -  The  ideal  situation  is  an  open  level 
surface  with  no  above  or  below  ground  obstacles.  Side  slopes, 
uneven  ground,  e.xisting  utilities  which  have  to  be  taken  care 
of,  and  limitation  of  working  space  due  tc  traffic  requirements 
will  reduce  the  drilling  production,  sometimes  considerably, 
thus  increase  the  cost. 

b.  Ground  conditions  -  Homogeneous  soil  -  particularly  silts  and 
sands  -  allow  quick  inexpensive  drilling.  Intermediate  layers 
oi  harder  material  will,  or  course,  reduce  production  but  not 
result  in  excessive  extra  cost.  However,  large  cobbles,  boul¬ 
ders,  or  other  obstructions  will  really  slow  down  the  drilling. 
Ttie  principal  reason  is  that  their  presence  requires  the  use  of 
little  or  no  down  pressure  on  the  drill  in  order  to  avoid  unac¬ 
ceptable  deviation  of  the  holes.  It  may  also  be  necessary  to 
use  modified  procedures  or  special  equipment  to  complete  the 
lioles.  Drilling  costs  under  those  conditions  would  routinely 
be  two  to  three  times  higher  than  those  in  soft  uniform  soils. 
If  cased  rotary  diamond  drilling  is  required  the  price  would  be 
higher  yet. 

c.  Depth  of  holes  -  The  average  drilling  cost  per  linear  foot  gen¬ 
erally  decreases  with  increasing  depth  because  the  cost  for 
mobilization,  rig  moving  time  and  setting  up  for  each  hole  is  a 
decreased  percentage  of  the  total  cost.  This  holds  true  as 
long  as  the  maximum  depth  does  not  require  heavier  and  there¬ 
fore  more  e.xpensive  drilling  equipment  in  the  first  place. 

d.  Hole  deviation  -  Tough  specification  for  the  alignment  of  holes 
costs  money!  On  the  other  hand,  accuracy  of  hole  alignment  is 
of  great  importance  for  a  successful  freezing  operation.  With 
close  hole  spacing,  drilling  costs  go  up  and  larger  deviations 
are  tolerable.  At  larger  spacing  drilling  costs  go  down,  but 
deviation  becomes  critical,  as  the  frozen  barrier  might  not 
close  or  might  be  structurally  unsatisfactory  in  the  affected 
area.  Because  ot  this,  it  is  necessary  for  each  project  to 
determine  the  optimum  relation  between  the  minimum  number  of 
pipes  (maximum  spacing)  and  the  maximum  probable  deviations  of 
the  pipes  which  will  still  allow  freezing  to  be  completed  on 
time  at  the  minimum  cost,  and  with  the  required  safety. 

Installation  of  refrigeration 

plant  and  coolant  distributic'n  system 

38.  The  important  factors  which  influence  the  cost  of  on-site  plant 
installation  for  a  specific  freezing  job  are  the  site  surface  conditions,  the 
magnitude  and  duration  of  the  project,  the  total  volume  of  ground  to  he  frozen 
and  its  properties,  and  the  overall  time  schedule  for  the  job.  The  cost  of 


the  plant  installation  for  a  given  site  and  allowable  prefreezing  period  are 
normally  related  to  the  total  linear  footage  of  subsurface  treeze  pipe.  The 


.ost  of  the  surface  distribution  system  is  normally  related  to  the  surface 
length  (perimeter)  of  the  frozen  barrier.  Both  costs  are  usually  included  in 
the  lump  sum  price  for  Installation  and  prefreezing  of  the  frozen  barrier. 

a.  Site  surface  conditions  -  The  nature  of  the  site  surface  condi¬ 
tions  and  the  proximity  of  adjacent  buildings,  streets,  utili¬ 
ties,  etc  ,  has  more  or  less  the  same  overall  effect  on  onsite 
plant  Installation  as  on  drilling.  Also,  corollary  to  this  are 
site  restrictions  on  noise,  air  or  water  pollution  or  vibra¬ 
tion.  Lnder  very  confined  conditions  the  continuously  running 
plants  may  require  sound  deadening  enclosures.  As  the  plants 
are  narmally  electric  powered,  this  is  rarely  a  concern. 

b.  Magnitude  and  duration  of  project  -  The  magnitude  and  duration 
of  a  freezing  job  influences  the  on-site  installation  cost  of 
the  suriace  piping  (distribution)  system  for  supply  and  of  the 
brine  between  the  plant  and  individual  freeze  elements.  Larger 
projects  of  long  duration  will  require  essentially  permanent 
well-insulated  and  protected  surface  piping.  In  contrast,  a 
small  job  of  short  duration  may  be  conducted  with  uninsulated 
quick  connect  surface  piping. 

c.  Volume  of  frozen  zone  and  available  time  -  The  total  volume  and 
the  water  content  of  the  ground  to  be  frozen  are  important  fac¬ 
tors  which  determine  the  plant  capacity  to  be  installed  for  a 
specific  job.  Equally  important  is  the  overall  time  schedule 
for  the  freezing  operation.  The  larger  the  volume  of  ground  to 
be  frozen  within  a  given  period  of  time  -  the  more  refrigera¬ 
tion  capacity  has  to  be  installed.  More  capacity  means  higher 
installation  cost. 

In  general,  the  refrigeration  load  at  the  start  of  the  pre- 
ireezing  period  will  be  two  or  three  times  as  high  as  the  load 
during  the  period  of  maintenance  freezing.  Because  of  this,  it 
ma”  frequently  be  possible  to  stage  the  work  so  as  to  limit  the 
maximum  load  to  that  of  the  installed  plant  capacity  at  any  one 
time.  This  applies  in  particular  to  sequential  projects  such 
as  multiple  shafts  or  tunnels  which  are  constructed  in  a  series 
of  sections. 

^  n  f  t-  i  c.  1  ££  t  reeziiig  period 

iv.  ihe  rt)sr  of  initial  freezing  -  the  so-called  prefreezing  time  nec- 
e‘."  ir,  ti,  cir.plete  the  frozen  barrier  to  the  required  tiiickness  depends  ijn  the 
ground  condition^:  tfic  number  and  capacity  of  plants  operating  during  this 
peri  'll,  the  number  and  capability  ot  personnel  on  site,  and  the  cost  of 
energ..  i  lie  cost  oi  [irefreezlng  for  a  given  site  and  allowable  prefreezing 
period  is  normally  related  to  the  total  linear  lootage  of  subsurface  freeze 
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;  ipe  ii'.sLulled.  The  price  Tor  preireezlng  If-  usually  Includeu  in  the  lump  sum 
p  :  I  e  tnr  i  n.-  t  a  1  la  t  ioti  a!id  prefreezing  of  the  frozen  barrier. 

•  I  .  ih.e  f.'U'ti'f  wliich  influences  the  prefreezing  cost  the  most  is  usu- 
the  vs.'er  content  ol  the  ground.  The  more  water  which  as  to  be  frozen 
ti.c  m.ore  energy  whicli  must  be  removed  and  the  longer  the  prefreezing  period 
requi'L'd  ’or  any  given  plant  capacity.  The  only  alternative  other  than  using 
expe'.'.uabiu  refrigerants  being  to  Increase  the  capacity  to  rueet  a  specified 
time.  in.  any  case,  increasing  water  content  means  Increasing  cost. 

-^1.  Basicall'’  freezing  is  a  labor  saving  construction  method.  \'ever- 
tlxeiess,  tfie  cost  of  personnel,  primarily  operators  for  the  refrigeration 
p!ar, ts,  is  a:;  item  which  has  to  be  carefully  evaluated  when  estimating  a 
free.ting  job.  As  far  as  technical  necessity  is  concerned,  no  operator  is 
required.  Ibis  is  a  result  of  the  fact  that  modern  refrigeration  equipment  is 
completely  autom.ated  and  requires  little  attention.  However,  in  some  areas 
the  unions  require  the  contractor  to  employ  personnel  to  monitor  plant  opera- 
tioT:  which,  or  course,  results  in  higher  costs  -  sometimes  much  higher.  As  a 
rule,  the  union  jurisdiction  for  freezing  in  a  given  location  will  be  the  same 
as  those  required  for  installation  and  operation  of  an  around-the-clock  dewa¬ 
tering  system. 

42.  Once  drilling  and  installation  of  the  plant  is  complete,  the  only 
personnel  needed  on  a  freezing  job  are  the  plant  operatlon(s)  and  periodic 
scpc-ivisory  and  maintenance  staff. 

43.  Since  freezing  requires  energy,  the  local  price  for  obtaining  or 
get'.eratiiig  eieccricity  influences  the  overall  cost  of  a  freezing  operation 
con  -  iderabl y . 

Long  term  maintenance  freezing  period 

44.  Maintenance  freezing  commences  as  soon  as  the  frozen  barrier  is 

-  'mpleted.  suiticientjy  to  allow  subsequent  construction,  such  as  excavation, 
to  .-tart.  The  cost  of  maintenance  freezing  is  affected  by  the  location  and 
typt  excavation,  and  more  importantly  by  the  required  duration  of  the  maln- 
i.  I  p.M'L'd.  Ihie  price  for  m.aintenance  freezing  is  normally  based  on  a 

ill;  It  1  ;  !•  per  week  . 

a.  Location  and  type  of  excavation  -  A  iarge  open  excavation  in  a 
hot,  dry  climate  m.iy  cause  an  increase  in  refrigeration  load  on 
the  plants  after  excavation  and  the  face  of  the  excavation  must 
tie  insulated  to  minimize  this  effect.  In  contra.st,  the  refrig- 
t. ration  lo.ad  after  excavation  of  a  shaft  or  tunnel,  especially 
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In  a  cool  moist  climate,  may  be  lower  than  before  excavation 
and  insulation  would  not  be  required.  As  still  air  is  an  insu¬ 
lator  relative  to  the  earth  itself,  an  open  surface  excavation 
in  any  climate  does  not  represent  an  impossible  refrigeration 
load.  In  fact,  in  cool  climates  a  single  sheet  of  light- 
colcred  plastic  hung  over  the  face  of  such  an  excavation  Is 
frequently  ail  that  is  required  to  minimize  the  long  term  main¬ 
tenance  refrigeration  costs. 

b.  Duration  of  maintenance  period  -  The  cost  of  maintaining  a 

freeze  wall  is  directly  related  to  time.  Extension  of  mainte¬ 
nance  time  will  increase  maintenance  cost  proportionally. 
Iherefore,  1“  is  of  the  greatest  importance  to  plan  the  entire 
project  in  a  way  that  minimizes  maintenance  time.  Doing  so, 
can  save  a  great  deal  of  money.  Initial  installation  of  a  fro¬ 
zen  barrier  is  frequently  less  expensive  than  other  alterna¬ 
tives,  but  if  the  required  maintenance  period  is  long,  the  com¬ 
bined  cost  of  installation  and  maintenance  becomes  excessive. 
Even  on  projects  where  freezing  is  potentially  much  less  expen¬ 
sive,  if  the  subsequent  consti action  operations  which  must  be 
completed  prior  to  stopping  refrigeration  are  not  planned  and 
sciieduled  together  efficiently,  no  savings  may  be  realized. 
Changing  an  excavation  procedure,  steel  erection,  concrete  or 
backfill  scliedule  to  "get  out  of  the  ground"  faster  may  cost 
si-me  money,  but  when  combined  with  the  reduction  In  maintenance 
freezing  time,  the  net  result  may  be  a  handsome  savings. 

■o.  Ground  freezing  is  a  proven  construction  technology  which  has  been 
in  use  successfully  on  a  wide  variety  of  projects,  for  over  a  century.  As 
with  any  geotechnical  construction  technique,  its  suitability  and  cost- 
effectiveness  for  a  project  will  be  directly  related  to  the  specific  site  and 
job  conditions  which  we  have  discussed  in  this  Seminar.  Properly  designed  and 
constructed  trozer  earth  structures  are  a  powerful  tool  for  the  foundation 
c.onstruct  ion  industry. 


$ 

$ 

A 


iM 


hliXiRAI’rilCA!.  I NF(1R>U'1  iON  ON  Sl’FAKFRS  ANA  Al'IlluRS 


’.'ictorio  D.  Altar:  -  Mr.  Altan  Is  the  Technical  Director  ol'  Suelo- 
nica,  L'iDA,  Buenos  Aires,  Argentina.  He  is  a  graduate  i.)i  bi;enos  Aires 
ersitv,  Argentina.  !ie  has  worked  on  numerous  Jet  grouting  projects 
uJir.g  the  construction  oi  a  deep  cutotf  walr  at  the  I'alec  cauce-Pieura  del 
a  Lair,  i Argentina. 

.Tires  M.  Duncan  -  Professor  Duncan  is  the  K .  Ttiomas  Rice  Professor 
:  .  i i-ngineeri  :ig  at  Virginia  Polytechnic  Institute  and  State  I'niversity  in 
1-iT'jrg,  Vii^iniu.  he  is  a  graduate  ot  the  Georgia  Institute  oi  Technology 
tie  Iniversity  o;  Da  1  i  t  ('rni  a ,  Berkeley.  He  is  a  rrember  ol  the  National 
e.:\  o;  cug  I  lee  ;■  i  ng  and  numerous  professional  organizations.  He  received 
T  'ilircw.  'U  Pri/e,  R'alter  L.  Huber  Research  Prize,  and  Thomas  A. 


r-  Auard  tr 


the  American  Society  of  Civil  t.nglnecrs.  He  h;. 


is  a  c  'r ant  lor  many  organizations  including  the  US  Army  Corps  of 
■s,  '■ure.R,  ki  Kec  lainat  ion ,  United  Nations,  and  World  Rank.  He  has 
1  I’.icre  than  i4u  professional  papers  and  research!  reports  on  geotechni- 


g  ;  n.t  e  r  ing  sub  i  ec  t  s  . 


M  o  r  g  1  o 


i  -  Dr.  Guatteri  is  the  President  of  N'ovatecna 


.'1  uiac.'us  K  t.onstrucoes  LTDA,  Sao  Paulo,  Brazil.  He  is  a  graduate  of  the 
er.-'.if.  I’t  'iodena,  Italy.  He  is  the  founder  of  N’ovatecna,  which  special- 
i;:  ^o:l  i mprovenicnt  by  means  of  jet  grouting.  Over  150,000  metres  of  jet 
ted  cclurn::  have  been  installed  in  Brazil,  Argentina,  and  the 
eT  ,')t,ates. 

Iteuben  H.  Karol  -  Professor  Karol  is  a  Professor  of  Ci\il  Engineer- 
at  Rutgers  University  in  New  Brunswick,  New  Jersey.  He  is  n  graduate  of 
Cl  :-,  i  ni','er.si  ty  and  is  a  member  of  numerous  professional  organizations.  He 
‘ler'.'cd  as  a  consultant  on  grouting  problems  for  many  organizations  includ- 
tl’.o  l,>  Arra\  Corps  of  Engineers,  Bureau  of  Reclamation,  Environmental  Pro- 
i‘T  ,\gency,  Harza  Engineering  Company,  and  Dames  and  Moore.  He  h.as 
IT-.'  rore  than  3U  professional  papers  and  research  reports  and  4  books  on 
t'k  iii'.icai  engineering  subjects  including  the  textbook  on  Chemical  Grouting. 

’•  io.seph  L.  Kauschinger  -  Professor  Kauschlnger  is  Assistant  Profe.ssor 
:vil  Engineering  at  Tufts  University.  He  is  a  grarJuatc  of  Manhattan  Col- 
,  I'niversity,  and  the  University  of  Texas.  He  has  worked  for  ICOS 

'rnifion  ol  America,  New  .. Jersey  Department  of  Environmental  Protection,  and 


Meuser  Rutltdge  ^’oi'isu]  t  ing  Engineers.  He  is  a  member  of  numerouf;  professional 
organizations  and  has  autliored  more  than  lU  professional  papers  and  research 
lepcMts  on  geotechi;icai  engineering. 

•j .  Faolo  Mosiici  -  Mr.  Mosiici  is  the  Technical  Director  of  Novatecna 
Ci'i.sol  idacno.s  E  LonsCrucoes  LTDA,  Sao  Pacio,  Brazil.  He  is  a  graduate  of  the 
f  ni  V  <_  I's  i  t  >  of  Pisa,  italy.  He  has  participated  in  the  installation  of  over 
ifu.dtO  meter'  of  jet  grouted  columns  in  Brazil,  Argentina,  and  the  United 
Star  L- . 

7.  hilliam  R.  Morrison  -  Mr.  Morrison  iias  worked  for  over  25  years  with 
:i,e  ;lo:-n,au  oi  RecJumation  specializing  in  seepage  and  erosion  control  materl- 

1 .  he  is  a  gradmte  of  the  University  of  ('olora<lo.  He  is  a  member  of 

o’-ouc  professional  organi zat ions  and  lias  authored  more  than  15  professional 
papers  .i!’d  lesearch  reports  on  seepage  and  erosion  control  materials. 

8.  ‘onat'ian  J.  Pa'~''.inson  -  Mr.  Parkinson  is  I’ice-Presldent  of  Soletanche 
ana  Radio,  Irn'.,  in  Paris,  France.  He  is  a  graduate  of  Cambridge  University 
and  Imperial  College.  He  has  worked  for  Binnie  .and  Pa''tners  in  London  and 
Soletanche  roid  Rodio,  Inc.  (formerly  Kecosol) ,  in  the  United  States  and 

Prance . 

9.  V.'alter  C.  Sherman,  Jr.  -  Mr.  Siierman  is  Adjunct  Professor  of  Civil 
Engineering  at  Tulane  University  in  Mew  Orleans,  Louisiana.  He  is  a  graduate 
ot  Purdue  University,  Harvard  University,  and  Imperial  College.  He  was 
empiojtd  with,  tlie  US  Army  Engineer  Waterway.^  Experiment  Station  for  33  years 
where  ne  worked  on  projects  involving  earth  dams,  hydraulic  structures,  sta- 
iiility  01  nuclear  excavated  slopes,  dredged  material  disposal,  expansive 

cj  CVS,  and  pile  foundations.  He  has  served  as  a  consultant  for  many  organiza¬ 
tions  ar.ii  has  authored  more  chan  40  professional  papers  and  research  reports 
on  geotechnical  engineering  subjects. 

;0.  John  A.  Shuster  -  Mr.  Shuster  is  tiie  President  of  Geocentric  Kngl- 
Tieering  in  I.orton,  Virginia.  He  is  a  graduate  of  the  University  of  Alaska  and 
StaiUord  Un  i /e  rs  i  ty .  ile  has  over  zO  years  of  experience  in  he  -vy  construction 
duel  loundatio.’i  engineering  ol  which  13  years  is  in  ground  freezing.  He  has 
puLIished  numerous  p.ipers  on  construction  gr'.und  freezing  and  engineering  with 
rozeii  e<i  r  t  h  . 

]].  George  .1.  Tanaro  -  Mr.  Tamaro  is  .t  partner  in  Mueser  Rutledge  Con¬ 
sulting  Lp.gliK'c-ri  in  New  York.  He  is  a  gr.uluate-  of  Manhattan  College,  Lehigh 
c'n  ive  I  s  i  t  V .  and  Columbia  University.  He  nas  worked  in  the  engineering  design 
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and  con..-;cruction  field  for  a  variety  of  agencies  and  international  firms 
including  Pier  Luigi  Nervi  Architects,  Rome,  Italy;  The  Port  Authority  of  New 
York  and  New  Jersey;  IfOS  Corporation  of  America  and  ICOS  Orient;  and  ICANLA 
Curporatron.  He  holds  liiited  States  and  Canadian  patents  in  slurry  wall  con- 
structioi’  methods  and  equipment. 
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